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I have nothing to lose, 
nothing to gain, 
nothing I desire anymore. 
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The ever-rising energy demand of our society is becoming a heavy burden for our 
planet. Knowing that we are running out of conventional energy feedstocks, the 
development of renewable energy has been booming in order to minimize the 
impact of humanity on the environment and to reduce our ecological footprint. 
Although the production of green energy is a major leap forward towards a 
sustainable society, the transport of energy to the consumer remains responsible 
for a significant amount of energy consumption. Currently, the generated electric 
energy is transported via copper or aluminum conductors which exhibit an 
intrinsic resistivity, meaning that power is lost during transport. It is estimated 
that 10 to 20% of all generated electrical power is lost during its transmission 
towards the consumer. Superconducting materials can be the answer to this aspect 
of the energy problem, as these materials exhibit zero resistance when cooled 
below a certain critical temperature. Not only does this mean that these materials 
can transport electricity without any loss, it also allows the development of 
generators with a higher power output than the currently used designs. 
Additionally, superconducting cables can also contribute to the electric grid safety 
and stability through the development of superconducting fault current limiters 
for efficiently and safely limiting short-circuit currents and superconducting 
magnetic energy storage systems offering a fast and highly efficient storage of 
electric energy. 
The most suitable superconducting material for usage in applications is the 
ceramic compound YBa2Cu3O7-δ (YBCO) which has a critical temperature of 92 K. 
Due to its relatively high critical temperature, the material can be cooled with 
cheap liquid nitrogen which is important for the final cost of the desired 
application. However, the main drawback of this superconductor is its ceramic 
nature which implies that this material cannot be drawn into wires due to its 
brittleness. It is self-evident that the flexibility of the product is of utmost 
importance for electrical cables and coil windings. In addition, the full current 
carrying capacity of YBCO is only achieved when the superconducting material is 
crystallographically well aligned which means that the superconductor must be 
deposited on a textured substrate template. For that reason, a coated conductor 
design was developed in which the superconducting material is deposited as a thin 
film on a metallic substrate to overcome the brittle character and to ensure 
flexibility. Although it is possible to obtain well-textured metallic substrates, the 
superconducting properties are strongly deteriorated by ion transport between 
the metallic substrate and the superconductor. Therefore, the superconductor and 
the metallic substrate are separated by a stack of buffer layers, which limits ion 
diffusion and transfers the texture from the substrate template to the 
superconducting layer. 
 Up to now, vacuum techniques were favored for the deposition of ceramic films as 
these methods resulted in the best properties for the complete coated conductor 
architecture in terms of texture and superconducting performance. However, in 
order to meet demands such as low cost, high yield and easy scalability, research in 
both academia and industry is shifting towards chemical solution deposition (CSD) 
techniques which work at atmospheric pressure. Generally these methods 
comprise the development of a metal-containing precursor solution which is 
subsequently deposited onto the substrate of choice. In a final step, the liquid 
coating is transformed into the desired material via an appropriate thermal 
treatment. Currently, the best results for CSD-based coated conductors have been 
obtained by using a double layered La2Zr2O7/CeO2 buffer architecture. However, 
this architecture shows some potential drawbacks in terms of metal and oxygen 
diffusion as well as chemical stability. In general, these problems can lead to 
delamination of the thin film architecture and an overall decrease in 
superconducting properties.  
To address these issues, this research focuses on the development of alternative 
buffer materials such as YBiO3 and SrTiO3, as these materials offer both an 
excellent stability and crystallographic match towards the superconductor. 
Bearing in mind the sustainability of the process, the buffer layers were deposited 
via an aqueous chemical solution deposition method. In contrast to the commonly 
used toxic or corrosive solvents in CSD, the use of water as a solvent is not only 
more ecological, it also has the advantage of leading to solutions which are easier 
to handle and the possibility of using cheaper starting materials.  
In Chapter 1, a brief introduction concerning the history, properties and 
applications of superconductivity is presented. The state-of-the-art technology and 
the possibility of implementing superconductivity into our everyday lives as 
coated conductors is discussed in Chapter 2. Next to this, the basic concepts of the 
deposition processing used in this work are introduced. 
The development of YBiO3 buffer layers on LaAlO3 substrates starting from water-
based solutions is discussed in Chapter 3. In the first part, the processing window 
for synthesizing this material in bulk was investigated. Secondly, an appropriate 
thermal process was developed in order to obtain highly textured YBiO3 films 
suitable for the deposition of high quality YBCO. In the final part of this chapter, the 
microstructure of the complete architecture was characterized by electron 
microscopy. 
In Chapter 4, the development of SrTiO3 buffer layers is discussed. Several aqueous 
precursor formulations were developed using different chelating agents. The 
chelation behavior in the solutions was studied by both Raman and infrared 
 spectroscopy in order to determine the influence of the precursor chemistry on the 
growth process and final properties of the thin films.  
In view of depositing these SrTiO3 precursors via ink-jet printing, both the 
substrate wetting behavior and the printability of the developed solutions were 
verified in Chapter 5.  The thermal processing of ink-jet printed SrTiO3 films on 
single crystal substrates and their properties as growth template for YBCO thin 
films are discussed in the second part of this chapter. 
The deposition of SrTiO3 films on commercially available metallic substrates is 
discussed in Chapter 6. The focus in this chapter lies on the fine-tuning of the 
thermal processing used in Chapters 4 and 5 in order to optimize the properties of 
the deposited films and their compatibility with the metallic substrates. 
This work is concluded with an overview of the achieved results and an outlook 
towards future research. 
  
 
2. Symbols and Abbreviations 
1G  First generation 
2G  Second generation 
$  Dollar 
γ  Surface tension 
δ  Oxygen deficiency in YBCO – In-plane deformation vibration 
ΔGv  Volume free energy change upon crystallization 
ΔGe  Elastic strain energy 
ΔGhomo  Homogeneous nucleation energy barrier 
ΔGhetero  Heterogeneous nucleation energy barrier 
ΔTc  Width of critical temperature transition 
ε  Lattice mismatch 
ξ  Coherence length 
φ  Phi 
λ  London penetration depth - wavelength 
η  Viscosity 
ρ  Density 
θ  Contact angle – Bragg angle 
ω  Omega 
Ω  Ohm 
π  Out-of-plane bend/deformation vibration 
υ  Stretch vibration 
°C  Degrees Celsius 
Å  Angstrom, 10-10 m 
a  Lattice parameter – nozzle orifice diameter 
AFM  Atomic Force Microscopy 
ABAD  Alternating Beam Assisted Deposition 
at%  Atomic percent 
atm  Atmosphere 
ATR  Attenuated Total Reflection 
A/cm²  Amps per square centimeter 
b, c  Lattice parameter 
B0   Bond number  
BCS   Bardeen Cooper Schrieffer 
BFTEM  Bright Field Transmission Electron Microscopy 
BSCCO-2223 Bi2Sr2Ca2Cu3O10 
CA  Contact Angle 
CERN  European Organization for Nuclear Research 
CIJ  Continuous Ink-Jet printing 
cm-1  Wavenumber 
CoM  Centre of Mass 
cP  Centipoise  
CSD  Chemical Solution Deposition 
CTO  CaTiO3 
CVD  Chemical Vapor Deposition 
d0  Droplet diameter 
dcon  Contact diameter 
DOD  Drop-On-Demand 
DP  Dew-point 
DTA  Differential Thermal Analysis 
EDTA  Ethylenediaminetetraacetic acid 
EDX  Energy  Dispersive X-Ray Spectroscopy 
eV  Electron-Volt 
f  Lotgering orientation factor 
FIB  Focused Ion Beam 
FWHM  Full Width Half Maximum 
g  Gravitational acceleration, 9.81 m/s² 
GZO  Gd2Zr2O7 
H  Magnetic field strength 
Hc  Critical magnetic field strength 
Hc,1  Lower magnetic field strength 
Hc,2  Upper magnetic field strength 
Hirr  Irreversibility field strength 
HAADF  High Angular Annular Dark Field 
HTS  High temperature superconductors 
HRTEM  High Resolution Transmission Electron Microscopy 
Hz  Hertz 
IDA  Iminodiacetic acid 
IFW  Leibniz-Institut für Festkörper- und Werkstoffforschung Dresden 
(FT)IR  (Fourier Transform) Infrared 
J  Current density – Joule 
Jc  Critical current density 
Je  Engineering current density 
IBAD  Ion Beam Assisted Deposition 
K  Kelvin 
LANL  Los Alamos National Laboratory 
LAO  LaAlO3 
LED  Light Emitting Diode 
LHC  Large Hadron Collider 
LPE  Liquid Phase Epitaxy 
LTS  Low temperature superconductors 
LZO  La2Zr2O7 
m  Meter 
M  Magnetization – molar concentration in mol/L 
MA/cm² Mega Amps per square centimeter 
MagLev  Magnetic Levitation 
mbar  Millibar 
MBE  Molecular Beam Epitaxy 
mPa s  Millipascal second 
mL/min Milliliter per minute 
MRI  Magnetic Resonance Imaging 
MW  Megawatt 
NMR  Nuclear Magnetic Resonance 
Oh  Ohnesorge number 
OPiT  Oxide Powder in Tube 
pH  Acidity 
pKa  Acidity constant 
PLD  Pulsed Laser Deposition 
pO2  Partial oxygen pressure 
PVD  Physical Vapor Deposition 
r  Radius 
RABiTS  Rolling Assisted Biaxially Textured Substrates 
RE  Rare-Earth metal 
Re  Reynolds number 
RF  Radio Frequency 
RHEED  Reflection High Energy Electron Diffraction 
RMS  Root Mean Square 
SCFCL  Superconducting Fault Current Limiter 
SDP  Solution Deposition Planarization 
SEM  Scanning Electron Microscopy 
STEM  Scanning Transmission Electron Microscopy 
STO  SrTiO3 
SMES  Superconducting Magnetic Energy Storage 
SS 18/8  Stainless Steel 18% Chromium, 8% Nickel 
T  Temperature 
Tc  Critical temperature 
Tmp  Melting point 
TEA  Triethanolamine 
TEC  Thermal Expansion Coefficient 
TEM  Transmission Electron Microscopy 
TFA-MOD Trifluoroacetic acid Metal Organic Deposition 
TGA  Thermo-Gravimetric Analysis 
XPS  X-ray Photoelectron Spectroscopy 
XRD  X-Ray Diffraction 
v  Velocity 
We  Weber number 
Y247  Y2Ba4Cu7O15 
YBCO  YBa2Cu3O7-δ 
YBO  YBiO3 
YSZ  Yttria Stabilized Zirconia 
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6. Chapter 1 
 


















This chapter describes the superconducting phenomenon and gives a 
brief overview of its basic properties and main applications. 
2 Introduction to superconductivity 
 
1.1  History of superconductivity 
At the end of the 19th century, fundamental research took a major leap forward 
with the discovery of the electron. This opened many doors for novel research in 
the 20th century, as the electron could be able to explain phenomena such as 
electrical conductivity. Paul Drude developed the idea that metals are good 
electrical conductors as electrons are able to move freely between the atoms [1]. In 
the same period, Heike Kamerlingh Onnes succeeded in liquefying helium, which 
gave him and his PhD-student Gilles Holst the possibility to perform research 
towards the behavior of electrons at extremely low temperatures down to 4 K [2, 
3]. Three years after the liquefaction of helium, Holst was conducting resistance 
measurements on gold and platinum while cooling these metals, hereby revealing 
that the resistance reached a constant value a few degrees above absolute zero. 
This residual resistance was attributed to impurities in the materials and in order 
to confirm this statement, the purest metal available was evaluated: mercury. 
However, in contrast to the previously measured metals, the resistance of mercury 
abruptly dropped from 0.1 Ω to zero at 4.2 K [2, 4]. In the following years, this 
phenomenon was also discovered in several other metals such as niobium (9.2 K) 
and lead (7.2 K). This stunning state of zero resistivity was called 
superconductivity and the temperature at which this state occurred was called the 
critical temperature Tc. Despite its unexplainable behavior, the superconducting 
phenomenon was born and Onnes’ pioneering research towards the properties of 
matter at low temperatures was awarded the Nobel Prize for Physics in 1913 [5]. 
Due to the growing interest in superconductivity, more research on its 
fundamental properties was performed, leading to the next key discovery in 1933. 
Meissner and Ochsenfeld discovered that a superconductor cooled below its 
critical temperature shows perfect diamagnetism and thus completely expels 
externally applied magnetic fields [6]. As a result of this Meissner-effect, 
superconductors will float above a magnet. In order to maintain a zero magnetic 
flux density inside the sample, screening currents induced by the magnetic field 
flow around the edges of the superconductor. These currents penetrate the sample 
up to a certain depth (λ), the so-called London penetration depth [3]. 
The first plausible microscopic theory of superconductivity was presented in 1957 
by Bardeen, Cooper and Schrieffer: The BCS theory [3, 7]. This model was based on 
the coupling of two electrons into pairs, the so-called Cooper-pairs, which leads to 
a lower energy state, hereby stabilizing the superconducting state. For 
conventional superconductors, the two electrons in such a pair have opposite spins 
and travel without resistance through the ionic lattice at a specific distance from 
each other, i.e. the coherence length (ξ) [8]. Nevertheless, also situations in which 
the Cooper-pairs exhibit parallel spins were discovered in ferromagnetic type 
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superconductors such as UCoGe and Sr2RuO4 [9, 10]. Later on, it was discovered 
that the phonon-mediated BCS-model is only applicable for metals and simple 
alloys. For superconducting systems exhibiting higher critical temperatures, the 
theory became inadequate to fully explain the superconducting state [3, 5]. 
In 1986, Bednorz and Muller discovered that the superconducting state was not 
limited to metals and alloys. They prepared a ceramic La-Ba-Cu-O system which 
showed superconductivity at the unusually high temperature of 35 K [11]. One 
year later, Paul Chu replaced lanthanum by yttrium and observed 
superconductivity at 92 K in YBa2Cu3O7-δ (YBCO) [12]. The significance of this 
discovery lies in the fact that liquid nitrogen could now be used to cool the 
superconductor below its critical temperature. Not only is liquefied nitrogen a 
cheaper and easier to handle cooling agent, due to its very high vaporization 
enthalpy it is also a better cooling agent than the liquefied helium used until then 
[8].  From that point on, the so-called cold rush gave rise to the discovery of several 
compounds showing superconductivity at temperatures higher than the boiling 
point of nitrogen (77 K).  
 
Figure 1.1: Evolution of the transition temperature over the years [13]. 
Quite recently, a new class of superconductors was discovered in Japan: the iron-
based superconductors (RE-Fe-P-O and RE-Fe-As-O with Rare Earth = La, Ce, Sm, 
Pr,… and chalcogenides such as FeSe) with critical temperatures up to 100 K [14-
16]. Another interesting material is MgB2 with a transition temperature of 39 K. 
Despite its lower critical temperature compared to YBCO, it is used in many 
applications due to the high abundance of the starting materials and its easy 
composition [17]. Additionally, the long coherence length of MgB2 leads to a 
negligible anisotropy, giving it a significant advantage over the cuprates. 
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1.2  Superconducting state 
As stated previously, the superconducting state occurs below a critical 
temperature Tc. Besides this temperature dependence, the superconducting state 
is controlled by two other features: strength of an external magnetic field and 
current density [18]. The critical value of these features, respectively Hc and Jc, are 
defined as the maximum value at which the superconducting state is still present.  
The externally applied magnetic field is expelled from the interior of the 
superconductor by the presence of screening currents at its surface [3]. The 
thickness of the skin layer in which these currents flow, and the magnetic field thus 
penetrates the superconductor, is called the penetration depth (λ). For 
temperatures much lower than the critical temperature, this penetration depth is 
almost constant, but as the temperature approaches Tc, the penetration depth 
approaches infinity. At this point, the magnetic field will penetrate the 
superconductor completely and the superconducting state is lost [8]. On the other 
hand, when the external magnetic field exceeds the critical magnetic field strength 
Hc, the magnetic field lines will penetrate the superconductor beyond the 
penetration depth and the superconductor will return to the normal state. This 
maximum field strength is temperature dependent, allowing the use of higher 
magnetic field strengths at lower temperatures (Equation 1.1) [3]. 
  = 0. 1 − 

 (Eq 1.1) 
 
Figure 1.2: Superconducting state diagram defined by its three critical parameters. 
Adapted from [19]. 
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As every current induces a certain magnetic field, the critical magnetic field 
strength Hc can also be reached by the current flowing through the 
superconductor. As a result, a critical value for the current density Jc exists at 
which the superconducting state will be lost [3, 19]. As the three critical 
parameters (Tc, Hc and Jc) are correlated with each other, a superconducting state 
diagram can be defined, which determines the area of practical operation, as 
shown in Figure 1.2. 
1.3 Types and classifications 
1.3.1 Magnetic properties 
A first classification can be made with respect to the magnetic properties of the 
superconductors and divides these materials into two groups: Type I and Type II 
superconductors. 
For Type I superconductors, the magnetic flux inside the superconductor remains 
zero upon increasing the external magnetic field. This means that the 
magnetization of the superconductor is the opposite of the external magnetic field 
strength H as the superconductor shows perfect diamagnetism [5]. When the 
externally applied magnetic field reaches the superconductor’s critical value Hc, 
superconductivity is lost and the magnetization immediately drops to zero as is 
shown in Figure 1.3a. 
 
Figure 1.3: Magnetization (M) as a function of the externally applied magnetic field 
strength (H) for (a) a Type I superconductor and (b) a type II superconductor. 
Adapted from [18]. 
Type II superconductors show a different behavior upon increasing the strength of 
the externally applied magnetic field, as shown in Figure 1.3b. It can be seen that 
the perfect diamagnetism is only maintained until a lower critical magnetic field 
Hc,1. When the strength of the external magnetic field is further increased, the flux 
starts to penetrate the superconductor and a continuous variation of the 
magnetization is observed until it reaches zero at the upper critical magnetic field 
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Hc,2 where the superconducting state is lost [5, 18]. The partially diamagnetic state 
between Hc,1 and Hc,2 is called the mixed state. This mixed state is characterized by 
the presence of small cylindrical non-superconducting areas where the magnetic 
field penetrates through the superconducting material. These regions are called 
vortices and they are homogeneously distributed in a hexagonal pattern 
throughout the superconductor [3, 18]. The core of these vortices is aligned with 
the direction of the external applied field and they are surrounded by a circulating 
paramagnetic supercurrent. When the strength of the external field is further 
increased, the flux density inside the sample increases, resulting in a closer packing 
of the vortices [18]. Upon reaching the upper critical field Hc,2, the vortices overlap 
and the superconductor returns to its normal state. All metals, except vanadium 
and niobium are type I superconductors. Ceramic superconductors, metal-alloys 
such as Nb3Sn and NbTi, MgB2, vanadium, niobium and the iron-based 
superconductors exhibit type II behavior [3]. 
The presence of vortices in the mixed state of Type II superconductors implies a 
restriction in terms of current transport density throughout the superconductor. 
When a current flows through the superconductor in the mixed phase, a Lorentz 
force is created which can allow the vortices to move through the material. The 
critical value at which this flux-creep starts is referred to as the irreversibility field 
Hirr [18]. Similar to the critical field, the irreversibility field is temperature 
dependent, as shown in Figure 1.4. The region below the irreversibility line is 
called the flux-solid area, where the vortices do not move, whereas the flux-liquid 
area is found above the irreversibility line. As the movement of the vortices in the 
flux-liquid area causes an energy loss which results in local heating or energy 
dissipation, it has to be prevented [5, 8]. Therefore, the irreversibility field is a very 
important parameter for a type II superconductor and it controls the final 
applicability of the superconductor. 
 
Figure 1.4: Schematic representation of the superconducting phase diagram for (a) a 
Type I superconductor and (b) a Type II superconductor showing the dependence of 
the external magnetic field (H) as a function of temperature (T). Adapted from [18]. 
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1.3.2 Critical Temperature 
A second distinction between the superconductors can be made on behalf of their 
critical temperature, which gives rise to two groups of materials: the low 
temperature superconductors (LTS) and the high temperature superconductors 
(HTS). The boundary temperature for this classification was artificially set at 30 K. 
Not only do HTS exhibit higher critical properties than the LTS,  a small amount of 
the ceramic superconductors even exhibit a critical temperature Tc higher than the 
boiling point of liquid nitrogen at atmospheric pressure, increasing the industrial 
applicability of these materials. 
Table 1.1: Critical temperature of several HTS 







Next to the critical temperature, the irreversibility field strongly determines the 
practical usage of superconductors. In Figure 1.5 the magnetic field-temperature 
diagram is shown for the most commonly used LTS and HTS. The (upper) critical 
field is indicated in black, whereas the irreversibility field is shown in red. From 
this, it can be seen that the HTS exhibit higher critical properties than the LTS.  
 
Figure 1.5: Relationship between the (upper) critical field Hc, indicated in black, and 
the irreversibility field Hirr, indicated in red, for the most commonly used LTS and 
HTS [20]. 
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However, the irreversibility field of the Bi-based superconductors is extremely low 
at temperatures higher than 30 K, hampering its usage in high-field applications at 
77 K [18, 20]. As can be deduced from Figure 1.5, YBa2Cu3O7-δ (YBCO) is known to 
be the most suitable superconductor for usage in applications due to its high 
critical field, high irreversibility field and subsequently high critical current 
density. The crystal structure of YBCO can be seen as a stack of three slightly 
distorted perovskite unit cells  (Figure 1.6c). The central perovskite contains the 
Y3+-ion and is surrounded by two Ba2+-containing perovskite cells. Due to the 
absence of 4 O-atoms around the Y3+-ion, the middle perovskite cell is slightly 
deformed. The copper atoms are distributed in various places throughout the unit 
cell. CuO2 planes can be found in the middle perovskite cell, whereas CuO chains 
are located at the top and the bottom of the unit cell. These CuO chains have a 
variable oxygen content, which determines whether the material is 
superconducting or isolating. This variable oxygen content is denoted by δ in the 
chemical formula. At δ=0, the CuO chains are fully occupied and the material 
exhibits a orthorhombic crystal structure (0 < δ < 0.6). When reducing the oxygen 
content in the CuO chains (δ > 0.6), the crystal structure transforms from 
orthorhombic to tetragonal. As can be seen in Figure 1.6, this change in crystal 
structure and lattice parameters has a strong effect on the superconducting 
properties of the material [5, 8]. The highest critical temperature (92 K) is 
obtained for δ=0.08, while further reduction of the oxygen results in a non-
superconducting material at δ > 0.56. 
 
Figure 1.6: Influence of the oxygen deficiency (δ) on (a) the lattice parameter and (b) 
critical temperature; (c) Unit cell of orthorombic YBCO. Adapted from [5].  
As stated previously, the phonon-mediated BCS-theory became inadequate to fully 
explain the superconducting state in HTS materials. For the cuprate-based 
materials, the CuO2 planes are believed to be responsible for the superconducting 
behavior, while the CuO chains act as charge reservoirs, providing charge carriers 
to the CuO2 planes. Because of the layered structure of the unit cells, the 
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superconducting properties appear to be highly anisotropic, resulting in critical 
current densities which are 500 times higher in the ab-plane than in the c-
direction [21]. This anisotropic behavior needs to be taken into account for the 
usage of YBCO in industrial applications. 
1.4  Applications 
From the moment Heike Kamerlingh Onnes discovered the superconducting state, 
he saw the tremendous potential of superconducting materials to build up magnets 
with extremely high magnetic fields as well as the transport of electricity without 
any loss [20, 22]. In this paragraph, a number of present and future applications 
are presented. More than 100 years after Onnes’ shocking discovery some of his 
dreams turned into reality, with superconductors being on the verge of making the 
step from the niche market to the worldwide energy market. 
1.4.1 Magnet technology 
The most straightforward application of a superconductor relies on the fact that 
high critical current densities induce extremely high magnetic fields. Whereas 
conventional electromagnets produce fields up to 2 Tesla, superconducting 
magnets can routinely produce fields exceeding 10 Tesla [23]. The majority of 
these high field magnets are used in medical or scientific applications such as 
Magnetic Resonance Imaging (MRI) and Nuclear Magnetic Resonance spectroscopy 
(NMR). Because of the extremely high fields necessary for these applications, the 
commonly used materials are LTS such as Nb3Sn and NbTi-alloys operating at 2 K 
[8]. The largest application based on LTS is used in the Large Hadron Collider 
(LHC) at CERN. The research performed at this facility uses NbTi magnets 
operating at 1.9 K to bend and accelerate proton beams, making them able to 
probe the fundamental structure of our universe [24]. 
Another appealing application of superconducting magnets found its way into the 
transport industry, where it is used for the levitation of trains. Although some 
concepts rely on the Meissner effect of bulk superconductors (e.g. IFW Dresden’s 
SupraTrans [25]), most commonly the levitation of the trains is based on an 
electrodynamic suspension principle. In these systems, the superconducting 
magnet is placed inside the train and induces eddy currents in the electromagnetic 
tracks, making the train float above the tracks due to magnetic repulsion forces. As 
only the air resistance comes into play, velocities over 500 km/h are easily 
achieved by these so-called MagLev trains [4]. Some commercial short-distance 
services are currently operating in Korea, Japan and China. However, most of the 
long distance MagLev systems in Japan and China are still in the construction 
phase and are planned to open late 2020’s [26, 27].  
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Figure 1.7: Japanese MagLev train MLX01 on test bed. (Courtesy LANL) 
A third major point of interest arises from the energy market, where 
superconducting magnetic energy storage systems (SMES) could be an answer to 
the fluctuating energy demands. In this way, electricity could be stored in circular 
superconducting coils at low-peak moments and released again at the peak times 
[28]. Furthermore, a storage system such as SMES can help stabilizing the power 
grid by rapidly providing a reserve of energy in order to control the frequently 
occurring power oscillations in large networks [3]. 
1.4.2 Motor technology 
The development of superconducting generators is driven by their promise of 
improved efficiency, smaller size and reduced weight as compared to existing 
technologies [3]. Especially the wind turbine market is following the latest 
developments of superconducting generators. Whereas conventional wind energy 
converters generally provide up to 6 MW, superconducting generators are able to 
deliver 10 MW, while maintaining their promise of size reduction. This can be seen 
in Figure 1.8. This makes superconducting wind energy converters particularly 
interesting for off-shore windmill parks [29, 30].  
 
Figure 1.8: Schematic comparison of a conventional (a) and a superconducting (b) 
wind energy converter, showing the reduction in size while providing higher power 
outputs. Adapted from [30].  
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1.4.3 Superconducting cables 
As the global world population keeps on rising, so does the demand for energy. The 
question remains whether conventional technology will be able to meet the ever-
rising requirements of our energy consuming society. As pointed out in the 
previous paragraph, the use of superconducting generators can increase the output 
power of renewable energy sources such as windmills. However, the generated 
energy is currently transported via conventional copper cables which exhibit 
resistive properties resulting in the loss of energy while delivering power. It is 
estimated that about 10 to 20% of all generated electric power is lost during its 
transmission towards the consumer [31, 32]. Furthermore, as superconductors can 
carry current densities up to 10000 times greater than the currently used copper 
wires, a reduction in size for the same amount of current is feasible, which is of 
particular interest for urban areas exhibiting a complex underground 
infrastructure [8, 32, 33]. Therefore, HTS superconducting cables present a viable 
alternative to the conventionally used systems.  
In order to use HTS material as cables for electricity transport, a few practical 
issues need to be resolved. First of all, the only two materials which really acquired 
technical relevance are YBCO and Bi2Sr2Ca2Cu3O10 (BSCCO-2223) with critical 
temperatures of respectively 92 and 110 K [32]. These ceramic materials have the 
disadvantage that they are brittle and cannot be drawn into wires as is the case for 
metallic copper cables. Therefore, these materials need to be combined with a 
metallic substrate, hereby acquiring the flexible properties of the substrate while 
maintaining their superconducting properties [34]. Secondly, as the cuprate-based 
systems exhibit strong anisotropic superconducting properties, a proper alignment 
of the ceramic unit cells needs to be achieved in order to transport high critical 
current densities [18, 32]. 
Until now, two technologies have been developed which fulfill the requirements in 
terms of mechanical stability and crystallographic alignment. These two 
architectures of superconducting wires are known as first generation (1G) and 
second generation (2G) or coated conductors (Figure 1.9) [35]. 
The first generation wires are based on the BSCCO-2223 compound and the 
production of these wires is carried out by the Oxide Powder in Tube (OPiT) 
process [36]. During this process, silver tubes are filled with the basic metal-oxides 
required for the formation of the ceramic superconductor and drawn into small 
wires. Many of these individual wires are then enclosed by a larger silver-tube and 
further drawn into a wire. This technique leads to a great number of fine parallel 
filaments of the individual wires which are separated by the metallic cladding 
material (Figure 1.9a).  
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Figure 1.9: Schematic representation of 1G wires (a) and 2G coated conductors (b). 
Adapted from [5]. 
During a multi-stage annealing and rolling procedure, the basic metal-oxides react 
giving rise to the superconducting BSCCO-2223 with parallel aligned CuO-planes 
due to the mechanical deformation during rolling [32, 37]. However, due to the 
uniaxial crystal alignment, the critical current densities are limited to 105 A/cm² 
and as silver takes op to 60% of the total volume, the cost reduction needed for full 
commercial breakthrough is limited [3, 38]. In addition, due to the low 
irreversibility field of BSCCO the operating window of these 1G wires is limited to 
temperatures lower than 25 K [32, 38].  
To overcome the restrictions of the 1G wires, a second architecture was developed 
based on the deposition of ceramic thin films on flexible metallic substrates. The 
architecture of these so-called coated conductors is shown in Figure 1.9b. Coated 
conductors can be obtained by either physical or chemical methods, both giving 
rise to the crystallographic alignment of YBCO needed in order to achieve high 
critical current densities flowing through the superconductor [18, 22, 32]. The 
coated conductor architecture and its requirements are further discussed in 
Chapter 2. 
Currently, the interest in second generation wires has never been higher. Research 
facilities in Korea, Japan, USA and Europe are actively looking for improvements to 
be made to the currently existing architectures. Furthermore, state-of-the-art 
coated conductors are now being commercialized by a variety of companies, 
including American Superconductor, SuperPower, Nexans, Deutsche Nanoschicht, 
SuNam Co. and Bruker. The rush towards the commercialization of these coated 
conductors has already resulted in several short-length projects demonstrating the 
enormous possibilities of 2G wires for energy distribution [39-42]. 
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1.4.4 Fault Current Limiters 
Next to the generation and transport of electric energy, the safe operation of 
electric grids plays a significant role in planning and operating electrical power 
systems [32]. The need for developing superconducting fault current limiters 
(SCFCL) which effectively limit short-circuit currents is driven by the rising system 
fault current levels as more generators and dynamic loads are added to the electric 
grid [43]. The application of SCFCLs in power systems is very attractive as they 
offer superior technical performance in comparison to the conventional devices 
used to limit fault currents [44]. Ideally, a fault current limiter should exhibit a low 
impedance during normal operation and offer a fast and effective current 
limitation in case of the faults as well as a quick and automatic recovery of the 
electrical system [32]. Today’s most common measures to cope with fault currents 
either exhibit a constant impedance increase in normal conditions or rely on fuse-
like devices for which a service intervention is required to restore the electrical 
network [32, 44]. Superconducting fault current limiters on the other hand, meet 
all the demands of an ideal current limiter. The simples concept of an SCFCL is 
based on the transition from the superconducting state to the normal conducting 
state. This concept is called a resistive type SCFCL and is currently the most 
frequently developed system due to its simple function and compact design [32, 
44]. The resistance of the superconductor in normal operation is negligible and 
rises rapidly as the short current exceeds the superconductor’s critical current. 
The fault current is then diverted into a parallel circuit containing an additional 
resistance, which adjusts the limited current and protects the superconductor from 
destructive heating during the quench. Only a small recovery time in the order of a 
few seconds is needed when using thin film superconductors, which makes it an 
outstanding fault current limiting concept [44]. Due to the large technical and 
economic benefits of SCFCLs, they can be considered as a very attractive and 
promising application of superconductors. 
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7. The coated 
conductor design: 














In this Chapter, the coated conductor design is described. Each building 
block and their state-of-the-art technology in terms of properties and 
deposition methods is discussed.  
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After the discovery of high temperature superconductors, research quickly focused 
on the possibilities of producing flexible tapes of materials which are intrinsically 
brittle, a technically challenging task. In addition, the tapes needed to be cost-
effective and exhibit a high critical current density in order to be competitive with 
the commonly used copper wires. Due to the highly anisotropic nature of the YBCO 
crystal, high current densities can only flow in the ab-planes, giving rise to an 
additional challenge: the biaxial alignment of the CuO2 planes in the YBCO crystal 
parallel to the surface throughout the entire film, i.e. (00l)[u00]-texturing [1]. It is 
observed that Jc decays quickly with increasing grain misalignment, hereby 
inducing a critical value of 5-6°, as shown in Figure 2.1  [2, 3]. 
 
Figure 2.1: YBCO critical current density versus grain misalignment angle for various 
samples. At the right, the possible misalignments are presented schematically. 
Adapted from [3]. 
 
Figure 2.2: Schematic cross section of the coated conductor design. (Courtesy of 
SuperPower Inc.) 
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In order to circumvent these issues, a complex structure consisting of a substrate, a 
stack of buffer layers, the superconducting film and a protective layer was 
developed, i.e. the coated conductor design (Figure 2.2). An important feature of 
this complex architecture is the engineering current density Je, which is defined as 
the critical current divided by the cross-sectional area of the entire architecture. To 
maximize this engineering current density, the substrate and buffer layers have to 
be as thin as possible while maximizing the YBCO layer thickness. Currently, state-
of-the-art 2G wires exhibit an engineering current density in the order of 
105 A/cm², which is more than 100 times greater than a conventional copper 
conductor [4, 5]. In addition to the demands specified above, each of the building 
blocks exhibits specific requirements depending on the manufacturing process and 
the characteristics of the used materials [6]. Various processing routes have been 
developed to obtain coated conductors with good superconducting properties, 
which will be discussed below.  
2.1  Substrates 
As the biaxial (00l)-alignment of the final superconducting coatings is of utmost 
importance to achieve decent properties, the first requirement of a coated 
conductor substrate is to exhibit this biaxial texture itself and transfer it to the 
following building block.  This so-called epitaxial texture transfer is limited by the 
lattice parameter and the occupation of sites in the crystal lattice [7].  The lattice 
mismatch ε is generally defined as: 
  = 	
	

 (Eq. 2.1) 
With as and af the lattice parameter of the substrate and the film respectively. 
When this mismatch is high, the texture transfer can be inhibited leading to 
polycrystalline films with high-angle grain boundaries and poor superconducting 
performances (Figure 2.1). Next to the lattice parameter, also the thermal 
expansion coefficient of the materials in the coated conductor design is important. 
In order to prevent delamination and cracking of the ceramic films, this thermal 
expansion must be in the same order of magnitude, i.e. 10-6 K-1 [8]. In addition, 
continuous manufacturing of coated conductors requires reel-to-reel processing, 
which narrows down the possible candidates as the substrates should exhibit high 
tensile strengths and high elasticity [6]. Bearing in mind these prerequisites, two 
state-of-the-art technologies producing highly-textured substrates were 
developed: Ion Beam Assisted Deposition (IBAD) and Rolling Assisted Bi-axially 
Textured Substrates (RABiTS).  
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2.1.1 IBAD 
The first technique capable of producing highly textured substrates was IBAD, 
developed in Fujikura and further optimized by Los Alamos National Laboratory 
[9, 10]. With this technique, a polycrystalline stainless steel or Hastelloy substrate 
is used, and the required texture is induced during the growth of the buffer layer 
[11, 12]. Typically, an argon ion gun sputters an oxide target such as Yttria 
Stabilized Zirconia (YSZ), Gd2Zr2O7 (GZO) or MgO onto the polycrystalline 
substrate in high vacuum environment. An additional argon ion gun irradiates the 
growing oxide film, hereby generating biaxial texture [13]. Recently, this widely 
spread technique has been adapted by Bruker-HTS for the growth of YSZ, giving 
rise to the Alternating Beam Assisted Deposition (ABAD) [14]. Instead of 
irradiating the growing YSZ film, it is periodically exposed to alternating 
deposition and etching pulses. After several deposition-etching cycles, a biaxially 
textured YSZ film is obtained on polycrystalline stainless steel substrates. Due to 
the alternating character of the deposition and the etching steps, the substrate 
temperature is lower in ABAD than in IBAD, giving rise to an improvement of the 
in-plane buffer layer texture [14]. Nevertheless, as the texture development of the 
growing YSZ film is governed by a growth selection process in both ABAD and 
IBAD, large thicknesses are required before an adequate texturing is obtained. 
Therefore, the most successful template is based on the IBAD growth of 
magnesium oxide, as it can be textured from thicknesses as low as 10 nm and is 
currently used by SuperPower [15, 16]. 
Although high quality substrate templates and subsequently high quality 
superconductors are obtained with this technique, it remains hampered by the 
high investment costs of the vacuum-equipment and the low yield of the process 
[1, 6].  
2.1.2 RABiTS 
As an alternative to the IBAD procedure, the RABiTS approach was developed in 
Oak Ridge National Lab. Whereas in IBAD a textured buffer layer is deposited on a 
polycrystalline metal substrate, RABiTS induces biaxial (h00)-texture in face 
centered cubic metals by conventional cold rolling and recrystallization 
procedures [17]. Various metals such as copper and aluminum are suitable for this 
approach, but nickel is preferred due to its high melting point (1726 K), good 
oxidation resistance and relatively small lattice mismatch to YBCO, which is 
important during the deposition of the buffer and superconducting layers. 
Currently, alloys of nickel with tungsten are used in order to improve the 
mechanical properties and reduce the ferromagnetic behavior of these metal tapes 
at the operating temperature of the coated conductor [18]. The most commonly 
used substrate up to now is Ni-5at%W with a lattice parameter of 0.354 nm and a 
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Curie temperature of 330 K. In order to lower this Curie temperature and thus 
completely eliminate magnetic losses in the metal tapes, research towards higher 
amounts of tungsten doping is still ongoing [19]. 
2.2  Buffer layers 
2.2.1 Requirements 
In order to use metal templates for YBCO coated conductors, proper chemical 
separation is required as superconductivity is heavily reduced by contamination 
with various elements [18]. Even nickel quantities as low as 3% in the copper site 
of the YBCO crystal reduces the critical temperate to values below 77K. Therefore, 
ceramic layers are inserted between the superconducting material and the metallic 
substrate, which can inhibit this so-called poisoning effect [18]. Aside from 
preventing metal diffusion from the substrate to the YBCO, the buffer layers also 
act as oxygen diffusion barrier to avoid undesirable substrate oxidation during 
processing, which could cause problems in terms of mechanical stability and 
coating adhesion [6, 20]. 
Depending on the substrate approach, the buffer layer acts as either texture 
template or as texture transfer layer. For that purpose, its lattice mismatch 
towards YBCO and towards the substrate should be as low as possible. 
Additionally, the thermal expansion must match the ones of the substrate and the 
superconducting layer, in order to prevent cracking of the architecture. 
In general, the main purpose of the buffer layers is to provide a continuous, smooth 
and chemically inert surface for the growth of the YBCO film while transferring the 
biaxial texture from the substrate to the HTS layers [18]. To meet all these 
requirements, a stack of buffer layers is commonly used in both the RABiTS and 
IBAD approach [8, 12]. 
2.2.2 Types and commonly used architectures 
Various coated conductor architectures have already been investigated by multiple 
research groups. A list of the most commonly used buffer materials up to now is 
shown in Table 2.1. The nature of the architecture depends on the approach used 
to produce a textured substrate template, i.e. RABiTS or IBAD. 
When using IBAD, one of the buffer layers has to be capable of developing a biaxial 
texture by ion bombardment during the growth stage of the film. Although several 
materials can be textured using this approach, three oxides are mainly used in 
IBAD-processing: YSZ, GZO and MgO [12, 13, 21]. As YSZ and GZO are only capable 
of achieving their biaxial texture when the film thickness exceeds 500 nm, these 
buffer layers are intrinsically suited as diffusion barrier for both metal ions and 
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oxygen. MgO on the other hand develops its texture already within the first 10 nm 
of the film, but the biaxial alignment diminishes quickly with increasing film 
thickness. Therefore, additional buffer layers are needed to prevent diffusion and 
subsequent poisoning of the superconductor.  
Table 2.1: List of commonly used buffer materials in IBAD and RABiTS approaches 
and their properties regarding lattice mismatch and thermal expansion coefficients 
















a          b 
Substrate 
Template 
Ni-5W 3.54 13.4 - 9 7.9 9.6 RABiTS 
SS 18/8 ± 3.58a 17.3 - - - - IBAD 
Hastelloy ± 3.58a 11.3 - - - - IBAD 
YSZ 5.14 ± 11.4 2.3 6.3 5.2 6.9 
IBAD & 
RABiTS 
Y2O3 10.60 8.1 5.9 3.0 1.9 3.5 
IBAD & 
RABiTS 
MgO 4.21 8.0 18.9 8.3 9.2 7.8 IBAD 
LaMnO3 3.88 11.2 9.6 0.5 1.5 0 IBAD 
Gd2Zr2O7  5.26 ± 9 5.1 3.8 2.7 4.3 
IBAD & 
RABiTS 
SrTiO3 3.91 9.4 10.5 1.3 2.3 0.7 
IBAD 
(RABiTS) 
La2Zr2O7 10.79 9.1 7.6 1.2 0.1 1.7 RABiTS 
CeO2 5.41 9.5 8.2 0.9 0.1 1.4 
IBAD & 
RABiTS 









- - - 
IBAD & 
RABiTS 
a The lattice parameter of stainless steel and Hastelloy compounds are based on the austenite crystal 
lattice and depend heavily on the used dopants and hardening procedures.   
b The absolute value of the lattice mismatch is displayed in the table 
Due to its low diffusion coefficient for transition metals and oxygen, Al2O3 is 
commonly used as diffusion barrier with MgO-based IBAD architectures [12]. In an 
attempt to reduce the production cost of these IBAD-coated conductors, solution 
planarization processes (SDP) of amorphous or nanocrystalline Y2O3 are being 
investigated to replace the vacuum deposited Al2O3 barrier layer and the expensive 
electropolishing of the substrate [25]. As the lattice mismatch of both YSZ, GZO and 
MgO towards YBCO is relatively high, a final texture transferring buffer layer is 
deposited such as CeO2, LaMnO3 or SrTiO3 which should match well with the 
texturing template [25-27]. 
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For the RABiTS approach, the biaxial texture developed in the metal substrate 
should be transferred to the YBCO film, implying that the buffer layers must match 
crystallographically with both Ni-5%W and YBCO. In addition, due to the oxidation 
sensitivity of nickel-based substrates at higher temperatures, the oxide films must 
be stable at very low oxygen partial pressures [18].  The main materials used in 
this approach are Y2O3, YSZ, LZO and CeO2, giving rise to two typical buffer 
architectures: Ni5W/Y2O3PVD/YSZPVD/CeO2PVD and Ni5W/LZOCSD/CeO2CSD [28, 29].  
Up to now, physical vapor deposition (PVD) of the buffer layers on RABiTS has 
resulted in the best properties in terms of texture and superconducting 
performances [18, 30]. Nevertheless, in order to meet demands such as low cost, 
high yield and easy scalability, research in both academia and industry has been 
shifting to the coated conductor synthesis by chemical solution deposition 
techniques (CSD, Chapter 2.5) [31].  
The solution-based synthesis of the commonly used building blocks however 
suffers from difficulties arising during processing. For instance, the deposition of 
thick Y2O3, needed as a texture seed and diffusion barrier, requires multiple 
coating procedures and temperatures exceeding 1100°C in order to obtain an 
acceptable biaxial alignment, which does not even reach the quality of sputtered 
films [32]. Another appropriate candidate and commonly used material as metal 
and oxygen barrier is La2Zr2O7 [33]. It has been synthesized by several research 
groups, exhibiting good biaxial texture and smooth surfaces suitable for CeO2 
deposition [34-37]. However, state-of-the-art chemical solution deposited LZO is 
known to exhibit nanoporosity throughout the film. The origin of this nanovoid 
formation is not well understood and is ascribed to either the removal of carbon 
gases during the synthesis or is believed to be an intrinsic characteristic of 
pyrochlore materials [38, 39]. Due to this porosity both metal and oxygen diffusion 
are facilitated, which can lead to substrate oxidation and subsequent delamination 
of the architecture or an overall decrease in superconducting properties [40, 41]. 
In addition, CeO2 appears to lose its chemical inertness towards YBCO when 
deposited via solution procedures, giving rise to BaCeO3 formation during thermal 
processing of the YBCO layer [42, 43]. This interaction is correlated to the 
roughness of the CeO2 layer and the growth temperature of the subsequent YBCO 
film. In general, this BaCeO3 formation leads to problems regarding stoichiometry 
and texture of the YBCO film, which has a detrimental effect on the 
superconducting performance of the coated conductor [43]. 
Although these issues are being minimized by strict optimization of the processing 
conditions, the quest for alternative materials which exhibit superior properties 
continues in research groups around the world.  
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2.2.3 Alternative materials 
A great variety of materials which potentially meet the requirements specified 
above, have been suggested as buffer materials: SrTiO3, Gd2Zr2O7, La3TaO7, 
MxCe1-xO2-y, (La,Sr)MnO3, RE2O3 and YBiO3 [44-52]. In this work, we focused on the 
deposition of SrTiO3 and YBiO3 for RABiTS-based architectures, as both show 
significant advantages over the currently used materials. 
Yttrium bismuth oxide (YBO) 
YBiO3 exhibits a face centered cubic structure with a lattice constant of 5.41 Å 
(Figure 2.3), resulting in an excellent lattice match with YBCO (0.2% mismatch 
with the aYBCO and 1.4% mismatch with the bYBCO) [53]. This crystal structure is 
based on the disordered fluorite-type lattice of δ-Bi2O3, which is stable between 
730 and 825°C. The disorder is caused by the oxygen atoms, which can be found in 
both 8c and 32f positions. Additionally, only 75% of the oxygen sites is occupied.  
 
Figure 2.3: YBiO3 crystal structure (Oxygen sites have 75% occupancy) [53] 
Due to the similar size of the Bi3+ and Y3+ ion, complete intermixing is achieved and 
the YxBi2-xO3 disordered fluorite crystal structure is maintained between room 
temperature and 1050°C for yttrium contents varying between 0.4 and 1 [53]. 
The main advantage of this material can be attributed to the low melting point of 
bismuth oxide (825 °C), inducing a partial melting process during sintering. This 
results in the formation of a dense and smooth YBiO3 layer at low temperatures 
which creates a favorable surface for subsequent YBCO nucleation and growth. The 
potential of this material has been demonstrated by Li et al., who deposited 
epitaxial YBO films by CSD on top of single crystal LaAlO3-substrates at 
temperatures between 730 and 800°C under air [51]. YBCO deposition by PLD on 
these buffers yielded 3 MA/cm² and no interaction between YBO and YBCO was 
observed.   
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Strontium titanate (STO) 
Thin films of SrTiO3 have been widely studied due to their applicability in various 
fields. SrTiO3 exhibits the perovskite crystal structure with a lattice constant of 
3.905 Å and behaves as a semiconductor with a band-gap of 3.2 eV [54]. The 
perovskite lattice matches almost perfectly with YBCO in terms of lattice 
parameter and atomic positions (Table 2.1).  
 
Figure 2.4: SrTiO3 perovskite crystal structure. (Simulated with CaRine 3.1) 
Its crystal structure is built up from a face centered packing of oxygen and 
strontium ions, with the titanium ion occupying the octahedral hole formed by the 
oxygen ions. Due to its chemical stability, similar thermal expansion coefficient and 
excellent lattice match with YBCO, strontium titanate is probably the most used 
single crystal substrate for the deposition of superconducting films. In addition, 
this material exhibits a low oxygen diffusion coefficient, making it very interesting 
for buffer layer application in coated conductors [18, 55]. Next to this, STO thin 
films can be found in multifunctional devices such as high density capacitors, non-
volatile memories and electro-optic components due to its high charge storage 
capacity (i.e. dielectric constant), good insulating properties, chemical stability and 
nontoxicity [56, 57]. 
SrTiO3 has already been used as texture transferring buffer layer in IBAD-
templates, leading to high quality YBCO [12, 58]. Despite its relatively high 
mismatch with nickel-based alloys, epitaxial thin films of STO have previously been 
grown by Clem et al. on RABiTS substrates by solvent-based chemical solution 
deposition methods [44, 45, 55]. These single buffer layer architectures gave rise 
to critical current densities exceeding 1 MA/cm², showing the great potential of 
replacing the full buffer stack by a single layer of STO. Even though the multi-layer 
buffer architecture is much thinner than the YBCO layer, the deposition of these 
various materials can account for up to 20% of the total conductor cost [18]. 
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Simplifying these complex architectures would lead to a higher cost-effectiveness 
and a decrease in process complexity, hereby possibly pushing the price of second 
generation wire below the magical 25$/ kA.m limit.  
2.3  YBCO layer 
The main component of the coated conductor design remains the superconducting 
YBCO film. Epitaxial growth is obtained by deposition of YBCO on either the 
RABiTS or IBAD templates, leading to films able of carrying high critical current 
densities. In this work, YBCO was deposited with both vacuum deposition and 
fluorine-based CSD methods (Chapter 2.5) in order to study the texture 
transferring properties of the alternative buffer materials. 
2.4  Cap layer and stabilizer 
In order to provide sufficient mechanical and electrical stability, the architecture is 
completed by the deposition of a cap layer and stabilizer. In the commercially 
available wires, a thin silver cap layer is applied in combination with a copper 
stabilizer which embeds the coated conductor. In this way, the wire becomes more 
robust and the silver cap layer shunts the electrical current in case of overcurrent 
or superconductivity failure [4]. 
2.5  Deposition methods 
The methods for the deposition of both the buffer and the superconducting layers 
can generally be divided in two groups: vacuum and non-vacuum deposition 
techniques. The vacuum techniques comprise all the physical deposition methods 
and chemical vapor deposition (CVD), whereas chemical solution deposition is the 
most important non-vacuum deposition technique. 
2.5.1 Physical methods and CVD 
Commonly used physical methods are electron-beam evaporation, sputtering and 
pulsed laser deposition (PLD). Together with CVD, these vacuum techniques offer 
highly textured and uniform coatings with excellent properties [18, 30]. However, 
due to the need for vacuum conditions, these methods struggle to meet the 
demands in terms of cost-effectiveness and energy sustainability, limiting the 
commercial breakthrough of coated conductors produced with these techniques 
[6, 16]. 
2.5.2 Chemical Solution Deposition 
Recently, the CSD method has become a viable alternative for the expensive 
vacuum deposition techniques offering high efficiency and high speeds at low 
processing costs [59]. Generally, a precursor solution containing the required 
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metal ions is deposited on the substrate at ambient pressures. The obtained liquid 
film is subsequently transformed into the desired crystalline ceramic film via an 
appropriate thermal processing procedure. The most commonly used CSD 
processes use organic solvents such as methanol and 2-methoxyethanol in which 
the metal-alkoxides or metal-carboxylates are dissolved under water-free 
conditions [56, 59]. This is needed as most of the commercially available metal-
precursors are extremely sensitive for hydrolysis, leading to metal-hydroxide 
precipitation upon contact with water. Therefore, chelation of the starting 
materials with compounds such as acetylacetone or short-chain carboxylic acids is 
often applied, leading to solutions which are slightly easier to handle in open air 
[60]. Nevertheless, in view of sustainable development, chemical solution 
deposition methods are shifting from these toxic and/or corrosive  conventional 
manufacturing processes towards alternative aqueous solution routes for the 
synthesis of functional oxides [61]. However, the hydrolysis sensitivity of elements 
such as titanium strongly hampers the development of inorganic materials from 
aqueous solutions. To bypass this problem and ensure compatibility of the metal 
ions with water, they are stabilized with various complexing agents, giving rise to 
water-insensitive metal-chelate complexes and precursor solutions which can be 
stable for over months or even years [29, 61, 62]. Although these chelating 
processes are simple and rapid, the solution chemistry is quite complex and has to 
be monitored extensively in order to obtain high quality thin films [59]. 
After obtaining a stable and homogeneous precursor solution, it has to be 
deposited on the appropriate substrate. Different coating techniques can be 
applied to obtain a homogeneous wet film which can then be transformed to the 
desired oxide phase through thermal processing. Although spin-coating is the most 
commonly used technique in lab-scale experiments, it is not scalable. Therefore, 
dip-coating and ink-jet printing are better alternatives for long-length applications 
such as coated conductors. 
Dip-coating  
Dip-coating can be considered as one of the simplest scalable deposition 
techniques. The substrate is first immersed in the precursor solution and 
subsequently withdrawn from the solution with a constant speed leading to the 
formation of a thin wet film on the substrate. The thickness of the wet film is 
mainly governed by the withdrawal speed, gravitational forces and the precursor’s 
rheological parameters, i.e. the viscosity and the surface tension, leading to the 
Landau-Levich equation [63]: 




 (Eq. 2.2) 
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where γlv, η, ρ represent respectively the surface tension (N/m), the viscosity 
(mPa s) and the density (kg/L) of the solution and g the standard gravitational 
acceleration (9.81 m²/s). 
Any shape or size of substrate can be coated using this technique but the 
uniformity decreases as the substrate width increases [20]. Two other main 
disadvantages of dip-coating are the need for an open dip-coat bath, which makes 
it prone to dust contamination and solvent evaporation, and the incomplete use of 
the precursor solution.  
Ink-jet printing 
During ink-jet printing, small droplets of the precursor solution or ink are jetted 
from a small orifice and accurately positioned on the substrate [1, 64]. As there is 
no direct contact between the substrate and the solution, the ink can be stored in 
closed vessels, leading to lower amounts of ink losses and a drastic increase in 
precursor lifetime due to the prevention of solvent evaporation and dust 
incorporation [1, 20]. Furthermore, in contrast to dip-coating, ink-jet printing does 
not suffer from non-uniformity upon increasing the substrate width, hereby 
holding the promise of easy scalability [20, 29]. In addition, it provides a greater 
control over the film thickness and introduces the possibility of depositing either 
full coatings or patterns and structures [1, 29]. 
 
 
Figure 2.5: Schematic representation of continuous ink-jet printing systems. Adapted 
from [64]. 
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Two different mechanisms of droplet formation exist which are generally known 
as continuous ink-jet printing (CIJ) and drop-on-demand systems (DOD) [64]. In 
CIJ printing, drops are continuously generated due to the Rayleigh instability of a 
liquid column ejected under pressure through a small orifice (Figure 2.5).  
By applying a potential to the nozzle, the generated droplets are electrically 
charged. These droplets are then directed or positioned by deflectors placed below 
the nozzle. As can be deduced from the name, continuous ink-jet printing produces 
a continuous stream of droplets even when no printing is required. Unwanted 
drops are deflected into a reservoir for recovery and recirculation. However, this 
recirculation after exposure to the environment can induce ink contamination, 
making CIJ a potentially wasteful process [64]. Furthermore, this technique is 
limited to inks which are electrically conductive as the drops need to be 
electrostatically deflected. This makes continuous printing systems inferior 
compared to drop-on-demand systems for materials science applications [65]. 
 
Figure 2.6: Schematic representation of (a) thermal, (b) piezoelectric and (c) 
electromagnetic drop-on-demand ink-jet printing systems. Adapted from [64, 66]. 
Drop-on-demand ink-jet printers only generate droplets when required. These are 
subsequently positioned on the substrate by locating the nozzle above the desired 
location [1, 20].  Drops are generally formed by applying a pressure pulse to the 
fluid held in the chamber behind the printing orifice. Various mechanisms are 
available which provide the desired pressure pulse for droplet ejection (Figure 
2.6) [1, 20, 64]. 
In thermal DOD printing, an electrical micro-heater heats the fluid in immediate 
contact with the heater above its boiling point, leading to the formation of a small 
bubble. Upon removing the current from the heater, heat dissipation leads to the 
rapid collapse of the bubble, hereby providing the required pressure pulse. 
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With piezoelectric ink-jet printing, droplets are generated by applying an electric 
pulse to a piezoelectric element such as PbZrxTi1-xO3 placed in the ink chamber 
which subsequently expands and pushes the ink out of the nozzle. This type of 
printing system can deliver high droplet formation rates up to 40 kHz and 
produces droplets in the picoliter range, making it the chosen method for printing 
functional materials [65]. Another type of actuator system to generate droplets 
which slightly deviates from the principles above is electromagnetic ink-jet 
printing. Instead of applying a pressure pulse to the liquid chamber, the ink 
reservoir is pressurized by compressed air and the orifice is sealed by a magnetic 
plunger. Upon applying an electrical pulse to a coil surrounding the ink chamber, a 
magnetic field is induced which pulls up the plunger and hereby uncovers the 
orifice. Due to the applied pressure, the ink is pushed out the orifice until the pulse 
is finished and a spring moves the plunger back to its original position. As this type 
of printers commonly have larger orifices and subsequently larger droplets, it is a 
particularly interesting alternative for the deposition of large areas of material [1]. 
2.6  Thin film orientation and microstructure design 
Following the deposition of a homogeneous wet coating, the film needs to be 
transformed to the desired ceramic material by an appropriate thermal treatment. 
The processes occuring during the transformation from the as-deposited film into 
the crystalline state generally involve capillary contraction during solvent 
evaporation, condensation and combustion reactions, and structural relaxation 
which are finally followed by crystallization of the film [67]. The temperatures at 
which these specific processes occur are highly dependent on the solution 
characteristics and the film processing parameters. In general, the removal of 
organic species takes place during the thermal processing and upon increasing the 
heat treatment temperature, kinetic limitations are overcome, allowing diffusion 
and atomic rearrangement. At this point thermodynamic factors take over, leading 
to the development of the crystallized film with the desired properties. It is clear 
that other factors such as substrate, heating rate, heat treatment atmosphere and 
film thickness may each impact the temperature at which the processes mentioned 
above will occur [67-69].  
As indicated throughout this chapter, the high anisotropic character of YBCO 
requires the complete buffer architecture to be highly (00l)-oriented in order to 
ensure maximum current carrying capacity of the superconducting film. This 
indicates that the parameters given above should be well controlled and 
understood to achieve a solution-derived textured thin film. As the deposited films 
are typically amorphous after pyrolysis and during heating to the sintering 
temperature, film crystallization occurs by a nucleation and growth process [68]. 
For this reason, the theoretical description of nucleation and growth in solution-
derived films is similar to that used to describe crystallization in traditional 
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glasses. From a thermodynamic perspective, it has been demonstrated that the 
driving forces which govern the transformation from an amorphous to a crystalline 
film can strongly influence the nucleation behavior and thereby the obtained 
microstructure [68]. First, one can consider the volume free energy change ΔGv, 
which is schematically shown in Figure 2.7 as a function of temperature. 
 
Figure 2.7: Schematic diagram of the free energies of a CSD-derived film. Adapted 
from [68]. 
It is shown that the free energy of a CSD-derived amorphous film is higher than 
those of the crystalline solid or the equilibrium super-cooled liquid, which can be 
attributed to certain chemical, physical and structural factors. In general, these 
factors are found to be an excess of hydroxyl or organic content as well as porosity 
and decreased density compared to the super-cooled liquid [67]. In addition, as the 
nuclei are formed within a (porous) amorphous structure, strain energy around 
the nucleus and interfacial surface energy arise, both contributing to the final free 
energy change ΔG for the homogeneous nucleation of a spherical crystallite in an 
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Where r, ΔGv, ΔGe and γ are respectively the radius of the nucleus, the volume free 
energy change, the elastic strain energy and the surface energy of the newly 
formed interface. By differentiation of the above equation, a critical nucleus r* and 










 (Eq. 2.5) 
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As the volume free energy change ΔGv is strongly dependent on both solution 
chemistry, which causes changes in the chemical, physical and structural factors of 
the amorphous film, as well as temperature, it can be understood that these two 
factors will strongly impact the nucleation behavior of solution-derived thin films. 
The energy barrier for nucleation can significantly be reduced by nucleating on 
defects or other surfaces, which is called heterogeneous nucleation. A 
heterogeneous nucleation event of cap-shaped nucleus will result a lower surface 
area than for a homogeneous nucleation event of a sphere with the same radius. 
The area of the cap, and thus the surface energy contribution to the energy barrier, 
depends on the contact angle θ of the nucleus on the growth surface, which in turn 
is governed by the following surface energies: 
 (2 =	(34567 +	(23  (Eq. 2.6) 
Where the subscript s, c and a respectively stand for substrate, crystalline nucleus 
and the amorphous matrix. It is clear that in order to obtain epitaxial films, the 
growth surface is the underlying substrate, which means that the initial surface 
energy of the heterogeneous nucleation site is γsa, whereas γca and γsc are the newly 
created surface energies. As the area of the cap-shaped nucleus is proportional to 
θ, it is clear that the energy barrier for a heterogeneous nucleation event will be 
reduced proportional to the contact angle of the nucleus with the substrate. 
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where f(θ) is defined as: 
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 (Eq. 2.8) 
With these equations, the nucleation and growth behavior of CSD-based thin films 
can be interpreted and coupled to the physical and experimental processing 
parameters such as lattice mismatch, heating rates, growth temperatures and heat 
treatment atmospheres. 
The ability of forming a coherent or semi-coherent interface between the 
heterogeneously nucleated solid and the substrate will be a major driving force for 
the epitaxial growth of CSD-based thin films. The formation of a (semi-)coherent 
interface strongly depends on the lattice mismatch and interatomic distances 
between the substrate and oxide film (Figure 2.8). For two phases exhibiting 
slightly deviating atomic distances, a strained coherent interface is formed which 
exhibits an interfacial energy smaller than 200 mJ/m². 
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Figure 2.8: Schematic representation of (a) a coherent interface, (b) a semi-coherent 
interface exhibiting dislocations at the interface and (c) an incoherent interface. 
Adapted from [71]. 
Upon increasing the lattice mismatch, a semi-coherent interface is formed, in 
which the misfit is accommodated by a series of edge dislocations typically leading 
to an interfacial energy of 200 – 500 mJ/m².  
When the lattice mismatch becomes too high, the interfacial plane will have a 
different atomic configuration at the two adjoining phases, which means that there 
is no possibility of good matching across the interface. These interfaces are 
therefore characterized by a high energy in the range of 500 – 100 mJ/m² [71]. If 
we correlate these interfacial energies γsc to the equations given above, it can be 
understood that an increased lattice mismatch leads to a higher contact angle θ 
which in turn increases the energy barrier for heterogeneous nucleation. The 
higher energy barrier complicates the epitaxial nucleation, leading to the boundary 
condition of a maximum lattice mismatch of 8%, although experimental exceptions 
can be found such as rare-earth niobates and tantalates [70, 72]. 
Another important influence can be found in the crystallization driving force ΔGv, 
as indicated above. For a similar amorphous condition, this driving force is mainly 
governed by temperature (Figure 2.7), which means that homogeneous bulk 
nucleation becomes as probable as interface nucleation when ΔGv is too high, i.e. 
low growth temperatures. Although the f(θ)-term results in a lower energy barrier 
for heterogeneous nucleation, there is still more than sufficient energy to 
overcome the barriers for all types of nucleation events. Oppositely, for films which 
are exposed to smaller driving forces, i.e. high growth temperatures, the energy 
barriers for homogeneous or heterogeneous nucleation events will be separated to 
a greater extent, which can make interface nucleation far more probable over bulk 
nucleation [68]. Due to the temperature dependence of the energy barrier, also the 
heating rates will strongly influence the obtained texture and microstructure. 
When higher heating rates are used, the processes leading to densification and 
crystallization are postponed to higher temperatures, which again leads to a higher 
probability for heterogeneous nucleation.  
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From these thermodynamic concepts, it is clear that that the total package of 
solution chemistry and thermal processing requires a thorough study in order to 
obtain high quality solution-derived thin films. 
2.7  Aim of the research 
For a full commercial breakthrough of coated conductors, the cost-effectiveness of 
the production process needs to be enhanced. This can be accomplished by using 
cheaper deposition methods such as CSD and by simplifying and optimizing the 
complex coated conductor architecture. This research aims towards the 
sustainable development of novel buffer materials which can be a viable 
alternative for the state-of-the-art coated conductor buffer architectures. Rather 
than the commonly used solvent-based chemical solution deposition, water-based 
solutions were developed and deposited by means of dip-coating or ink-jet 
printing, hereby holding the promise of delivering a feasible and scalable process 
from both an economical and sustainable point of view.  
Two materials of interest were chosen, i.e. YBiO3 and SrTiO3, as they exhibit some 
advantages regarding processing conditions and characteristic properties over the 
currently used materials (2.2.3). Metal-compatible thermal treatments were 
developed on single crystal LaAlO3 in order to study the feasibility of the aqueous-
based deposition method for both SrTiO3 and YBiO3 thin films. Special attention 
was given to the processing window of YBiO3 bulk powders and thin films in low 
oxygen-containing atmospheres. In order to obtain high quality SrTiO3 films, the 
complex aqueous precursor chemistry and its influence on the growth process of 
epitaxial films in reducing atmospheres was thoroughly studied. In addition, 
microstructural analysis was performed by electron microscopy to study the 
growth of YBCO on both YBiO3 and SrTiO3. In a final step, the optimized precursors 
were deposited on technical Ni-5%W substrates in order to verify whether our 
buffer systems are capable of competing with the state-of-the-art materials. 
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In this chapter, the formation of YBiO3 (YBO) starting from a water-
based precursor solution was studied in both bulk and thin films. By 
studying the decomposition behavior of the YBO precursor under 
different conditions, an optimal processing window for the growth of 
YBO thin films was found. In order to test the texture transferring 
capacities of the buffer layer, YBCO was deposited on YBO-buffered 
single crystals by PLD and TFA-MOD and the obtained architectures 
were studied with electron microscopy. 
 
Adapted from: 
G. Pollefeyt, S. Rottiers, P. Vermeir, P. Lommens, R. Hühne, K. De 
Buysser and I. Van Driessche, Feasibility study of the synthesis of YBiO3 
thin films by aqueous chemical solution deposition as an alternative for 
CeO2 buffer layers in coated conductors. Journal of Materials Chemistry 
A, 2013, 1 (11), 3613-3619. 
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3.1  Introduction 
As previously stated in Chapter 2, YBiO3 shows very interesting characteristics and 
properties for use as buffer layer in coated conductor architectures. Its face 
centered cubic structure with a lattice constant of 0.5412 nm, results in an 
excellent lattice match with YBCO (0.2% mismatch with aYBCO and 1.4% mismatch 
with bYBCO) [1]. Furthermore, due to the low melting point of bismuth oxide 
(825 °C), a partial melting process is obtained during thermal processing leading to 
the formation of a dense and smooth YBiO3 layer at low temperatures. This 
topographical flatness in combination with a well maintained texture up to the 
surface of the film creates a favorable template for subsequent YBCO nucleation 
and growth [2]. YBiO3 thin films have already been synthesized by CSD at 
temperatures between 730 and 800°C, under air, on top of single crystal LaAlO3 
substrates, showing excellent crystallographic and morphological properties. 
YBCO deposition by PLD on YBO-buffered LaAlO3 (LAO) yields a critical current 
density of 3 MA/cm² and no interaction between YBO and YBCO is observed [2]. 
However, it is commonly known that buffer materials have to be synthesized under 
low oxygen partial pressures, typically 10-12 – 10-21 atm O2, in order to preserve 
compatibility with the commonly used metallic Ni-5%W substrates, hereby 
preventing the oxidation to NiO and NiWO4 [3]. To use YBiO3 as a buffer layer in 
coated conductors, the thin films cannot be synthesized in air and a strong 
reduction in oxygen partial pressure in the heat treatment atmosphere is needed. 
The focus of this chapter therefore lies on the growth of YBiO3 thin films in these 
metal-compatible conditions. 
3.2  Solution preparation 
For the preparation of the YBiO3 precursor solution, water was used as main 
solvent and bismuth-citrate (Alfa Aesar, 94%) and yttrium-acetate (Alfa Aesar, 
99.9%) were used as metal salts. As bismuth is very sensitive to hydrolysis in 
water, it has to be stabilized by a complexing agent [4]. Although the citrate groups 
present in the bismuth-precursor allow the formation of stable chelates in water, 
the carboxyl groups of the citric acid have to be deprotonated in order to form a 
bismuth-ligand bond. This deprotonation behavior can be described as a function 
of pH by their stability constants, i.e. pKa values. As citric acid has three carboxyl 
groups, it exhibits three pKa’s: 3.1, 4.7 and 5.4, which indicates that citric acid is 
completely deprotonated starting from a pH of around 6. Therefore, the bismuth-
citrate was stabilized in water by addition of triethanolamine (Sigma-Aldrich, 
99%) in a 1.4 : 1 molar ratio relative to bismuth. Triethanolamine acts as an 
additional chelating and alkali agent, hereby ensuring that the carboxylate groups 
remain deprotonated and chelate the Bi3+ ion. Before addition of stoichiometric 
amounts of yttrium acetate, the pH was raised with ethanolamine (Sigma Aldrich, 
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99%) to 9 in order to counter the acidic behavior of the yttrium-ion. Finally, a 
yellow-colored solution with a neutral pH, a total metal concentration of 0.75 M 
and a viscosity of 3.2 cP is obtained, which is stable for over 6 months. 
3.3  Thermal decomposition 
In order to explore the formation of YBiO3 from these aqueous precursor solutions, 
thermal analysis of the solutions under flowing air, argon and argon/5% hydrogen 
was performed with a heating rate of 10 °C/min and a gas flow rate of 50 mL/min. 
These three atmospheres exhibit a strong difference in oxygen partial pressure 
ranging from 0.2 atm for air, 2.10-6 atm for Ar and below 10-17 atm for Ar/5% H2 [5, 
6]. It can be seen that the TGA signals in all three atmospheres exhibit a similar 
efflux until a temperature of around 450 °C (Figure 3.1).  
 
Figure 3.1: TGA (solid) – DTA (dashed) analysis of the Y3+ and Bi3+ containing citrate 
gel in air (top), argon (middle) and Ar/H2 (bottom). 
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This indicates that all decomposition processes which occur at temperatures 
below 450 °C are independent of the oxygen partial pressure. Below 200 °C, the 
evaporation of water and ethanolamine (170 °C) occurs, whereas between 200 °C 
and 450 °C the weight loss can presumably be attributed to evaporation of non-
complexing triethanolamine (335 °C) and the decomposition of metal-bonded 
acetate-molecules and non-complexing citric acid. However, big differences can be 
seen if the temperature rises above 450 °C, indicating that the oxygen partial 
pressure influences the thermal decomposition of the precursor. In air, the 
combustion starts at 450 °C, giving rise to the final combustion products at 500 °C. 
In argon, the combustion also starts at 450 °C, but due to the lack of oxygen, it only 
finishes at temperatures above 800 °C, whereas in the argon-hydrogen atmosphere 
the onset temperature of combustion is even postponed to 500 °C and a 
continuous weight loss until 1000 °C is observed.  
 
Figure 3.2: XRD-analysis of the TGA-DTA reaction products in air (bottom), argon 
(middle) and Ar/5% H2 (top). 
The obtained reaction products from the thermal analysis were analyzed with XRD 
in order to confirm the formation of YBiO3 or secondary phases (Figure 3.2). These 
results show that pure and polycrystalline face centered cubic YBiO3 is obtained 
under both air and argon atmosphere. However, in the case of a forming gas 
atmosphere, reduction of Bi2O3 to metallic bismuth and oxygen deficient bismuth 
oxide is observed, leading to the incapability of forming YBiO3 in these reducing 
atmospheres. Combining these results with TGA-DTA, the extra weight loss above 
800 °C in an Ar/5% H2 mixture (Figure 3.1), can be attributed to this reduction 
step in combination with Bi2O3-x sublimation. From the Ellingham diagram of Bi2O3 
[7], this reduction could be expected in the range of 820 °C – 1000 °C, because 
oxygen partial pressures above 10-6 to 10-8 atm are needed to prevent bismuth 
oxide from reducing. As forming gas exhibits an oxygen partial pressure lower than 
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10-17 atm, it is obvious that this reduction occurs. These results impose some 
restrictions concerning the deposition of YBiO3 on technical substrates. As partial 
oxygen pressures lower than 10-10 to 10-12 atm are required to prevent oxidation of 
Ni-5%W to NiO or NiWO4, YBiO3 thin films cannot be grown on bare nickel-based 
substrates. Contradictory to Li et al. [2], this implies that YBiO3 cannot be 
considered as a suited candidate for single buffer layer applications in coated 
conductor architectures. Nevertheless, the possibility of making this material in 
argon atmospheres makes it interesting for replacing cerium oxide in the currently 
used CeO2/La2Zr2O7/Ni-5%W design where the La2Zr2O7 acts as oxidation barrier 
and in CeO2/YSZABAD/Stainless Steel (SS) coated conductor architectures where 
oxidation of the substrate does not pose any problems [8].  
3.4  Wetting behavior 
In order to obtain homogeneous ceramic thin films, a suitable wetting of the 
precursor solution on the used substrates is required. Contact angle measurements 
of the aqueous YBiO3 solutions on both single crystal LaAlO3 and La2Zr2O7/Ni-
5%W substrates were performed to verify its wetting behavior.  
Table 3.1: Contact angles of YBO solution on LaAlO3 and LZO/Ni-5%W substrates  
Substrate Contact Angle (°) 
LaAlO3 35.2 ± 3.0  
La2Zr2O7/Ni-5%W 24.8 ± 1.9 
It can be seen that the contact angles are relatively high for both substrates under 
investigation. Nevertheless, preliminary dip-coating experiments showed a 
homogeneous coating behavior of the YBO solution on both LAO and buffered Ni-
5%W, suggesting that the solution is suitable for deposition of YBO thin films. 
3.5  YBiO3 thin film growth and characterization 
To investigate the feasibility of obtaining textured YBiO3 films under argon, (00l)-
oriented LaAlO3 single crystal substrates were used for thin film deposition by dip-
coating at 30 mm/min and compared to thin films obtained in air using the same 
deposition parameters. The as-coated films are first dried on a hot plate under 
ambient conditions for 10 minutes at 200 °C, followed by a single-step thermal 
treatment with a heating ramp of 20 °C/min to 800 °C for 1 hour in argon. This 
high heating rate was chosen in order to promote epitaxial growth. In the case of 
air-processed films, the same sinter temperature was used but the heating ramps 
were limited to 5 °C/min to prevent a fast combustion and an additional 
calcination step at 400 °C for 1 hour was introduced. The flow of both air or argon 
was kept constant at 150 mL/min for all performed experiments. 
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Figure 3.3: (a) XRD analysis of thin films sintered at 800 °C in argon (bottom) and air 
(top) (reflections indexed with an * originate from secondary X-ray radiation); 
Topographical and cross-sectional SEM images of YBO thin films synthesized at 800 °C 
in (b,d) air and (c,e) argon. 
In order to quantify the degree of epitaxy via X-ray diffraction, the Lotgering 
orientation factor f (0 < f < 1) is introduced [9]: 














 (Eq. 3.2) 
where I00l and Ihkl are the maximum intensities of respectively the (00l) and all 
reflections in the diffractogram. When the film is fully (00l)-textured, the Lotgering 
factor equals 1, whereas a value of 0 is obtained for randomly oriented films. 
The XRD patterns for the films obtained in air and argon are shown in Figure 3.3a. 
When comparing the obtained orientation factors, it can be seen that the obtained 
texture in the air-processed films (f = 0.998) is a lot stronger than for argon-
processed films (f = 0.71). Moreover, the reflections of the latter are very weak and 
broad, indicating low crystallinity of the YBO-phase. Microstructural analysis by 
FIB-SEM (Figure 3.3b-e) reveals pinholes and large micro-cracks in the air-
processed film, which appear to be smaller in size for the argon-processed films. 
Furthermore, large differences can be seen from the cross-sectional view. The films 
processed in argon are around 60 nm thick, whereas those synthesized in air show 
a thickness of around 120 nm. This reduction in thickness can be attributed to the 
high-temperature sublimation of Bi2O3 before it could react with Y2O3 to form 
YBiO3. Similar phenomena have already been observed for other bismuth-
containing compounds [10]. To avoid this sublimation, two possible pathways can 
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be followed. First, by decreasing the sinter-temperature, the driving force for 
sublimation can be suppressed. Secondly, the sublimation doesn’t occur at 800 °C 
in oxygen containing atmospheres, which means that the sublimation is pO2 
dependent. Therefore, an increase in oxygen partial pressure should also limit this 
problem. 
 
Figure 3.4: (a) Topographical and (b) cross-sectional SEM images; (c) XRD analysis of 
YBO film sintered at 750 °C for 1h in argon (reflections indexed with an * originate 
from secondary X-ray radiation). 
 
Figure 3.5: XRD analysis of thin films sintered at 750 °C under dry and wet argon 
(reflections indexed with an * originate from secondary X-ray radiation). 
As can be seen in Figure 3.4, upon decreasing the sinter-temperature from 800 °C 
to 750 °C, no significant changes in microstructure and texture (f = 0.678) are 
observed, indicating that the sublimation has not been suppressed. As further 
lowering of the sinter-temperature would be infeasible because of the slow 
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reaction kinetics suppressing the growth of textured YBO nuclei and grains, the 
oxygen partial pressure was elevated during the synthesis. Water vapor was added 
to the sinter-atmosphere in order to increase the oxygen partial pressure without 
risking a significant increase in substrate oxidation in the case of metal substrates 
[6, 11]. The humid atmosphere was obtained by passing the Ar gas through two 
water bubblers. Figure 3.5 shows the X-ray diffraction pattern for the YBO films 
obtained by sintering in humid argon atmosphere at 750 °C. The addition of water 
vapor to the atmosphere yields a strong increase in epitaxial growth with an 
orientation factor of around 0.995, without the formation of secondary phases. 
 
Figure 3.6: (a) Topographical and (b) cross-sectional SEM image and (c) AFM 
roughness analysis (5 x 5 µm²) of YBO thin film sintered at 750 °C under humid argon. 
Next to the excellent crystallographic properties, also a dense and homogeneous 
film can be observed from the typical topographical and cross-sectional SEM 
images (Figure 3.6). The layer thickness is around 150 nm, which clearly indicates 
that the introduction of water-vapor, correlated to the partial oxygen pressure 
increase, suppresses the Bi2O3 sublimation.  
From the AFM surface analysis (Figure 3.6c) it can be seen that a very smooth and 
homogeneous film is obtained, with a RMS roughness of 2.6 nm. This is very 
important for subsequent YBCO nucleation and growth because the smooth 
surface allows nucleation with the desired orientation and growth of these nuclei 
along the surface directions [12]. It is believed that this low roughness is a 
consequence of the partial melting process obtained by the low melting point of 
Bi2O3, leading to strong epitaxial growth in combination with smooth surfaces [2].  
The X-ray diffraction pattern shown in Figure 3.5 confirms that strongly textured 
YBO thin films were obtained through our CSD approach. However, XRD patterns 
give an averaged value of the texture throughout the total thickness of the film. For 
subsequent YBCO deposition, it is of utmost importance that the top 5 nm of the 
thin film also exhibits the desired (00l)-orientation. Therefore, we investigated the 
surface texture by reflection high energy electron diffraction (RHEED) (Figure 3.7) 
in collaboration with IFW Dresden.  
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Figure 3.7: RHEED analysis of 140 nm thick YBO film sintered at 750 °C under humid 
argon. 
The RHEED analysis of the film sintered under humid argon atmosphere shows a 
homogeneous background with weak and broad ring-like structures indicating an 
amorphous or nano-crystalline surface texture which is not suited for subsequent 
YBCO growth. To resolve this, the thickness of the films was reduced and the 
sintering time was prolonged. By lowering the dip-coating speed to 10 mm/min, 
the thickness reduced to around 40 to 50 nm, which leads to discrete spots in the 
RHEED pattern along the <100> and <110> directions of the LAO substrate for a 
sample sintered at 750 °C for 2 hours in humid argon, as shown in Figure 3.8. 
 
Figure 3.8: (a-b) RHEED and (c) XRD analysis of 40 nm thick YBO film sintered at 
750 °C under humid argon (reflections indexed with an * originate from secondary X-
ray radiation). 
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Figure 3.9: (a) Topographical and (b) cross-sectional SEM image and (c) AFM 
roughness analysis (5 x 5 µm²) of 40 nm YBO film sintered at 750°C under humid 
argon. 
This could be expected as heterogeneous nucleation is needed for the growth of 
epitaxial films, meaning that the growth of the crystals starts from the substrate 
interface (cfr. Chapter 2.6). When the film is thinner, the growth of epitaxial nuclei 
will be completed up to the surface of the thin film and less homogeneous 
nucleation will occur. For these thinner films, the RHEED measurements confirm 
the presence of a biaxial texture component at the surface of the film. Still, the 
RHEED diffraction spots appear blurry, which means that the surface most likely is 
not fully textured. This is in agreement with the small amount of (110)-oriented 
phase which is present in the XRD diffractogram shown in Figure 3.8c. The 
topographical and cross-sectional SEM-images for the 40 nm thick films confirm 
that very homogeneous and dense films are obtained. Furthermore, the roughness 
of the obtained film decreased to a RMS value of 1.8 nm.  
By increasing the sintering time to 4 hours, the presence of the (110) texture 
component diminishes almost completely. Additionally, the RMS roughness 
measured over 5 x 5 µm², further decreases to 1.2 nm. A good in- and out-of-plane 
alignment is obtained, as can be seen from the φ and ω-scan with FWHM-values of 
respectively 0.67° and 0.33° (Figure 3.10). The dense and flat surface of the films in 
combination with the good biaxial alignment makes the YBO films suitable as a 
texture transferring buffer layer for epitaxial YBCO growth. To test the texture 
transfer of the 40 nm thick YBO films, YBCO was deposited with both Pulsed Laser 
Deposition (PLD) and TFA-based chemical solution deposition. 
3.5 YBiO3 thin film growth and characterization 49 
 
 
Figure 3.10: (a) YBO (110) φ-scan, (b) YBO (200) ω-scan and (c) XRD analysis of 
40 nm YBO film sintered at 750 °C for 4 hours under humid argon (reflections 
indexed with an * originate from secondary X-ray radiation). 
3.6  YBCO deposition 
3.6.1 Pulsed Laser Deposition 
The PLD-YBCO deposition was performed at 810 °C and an oxygen background 
pressure of 0.3 mbar. A KrF excimer laser was used, applying 3000 pulses on the 
YBCO target with a repetition rate of 5 Hz to deposit a 200 nm thick film. The 
samples were subsequently cooled down and oxygenated in an oxygen partial 
pressure of 0.4 bar.  
 
 
Figure 3.11: (a) YBCO (102) pole figure and (b) XRD analysis of YBCOPLD/YBOCSD/LAO 
prior (bottom) and post (top) YBCO deposition (reflections indexed with an * 
originate from secondary X-ray radiation). 
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The deposited YBCO exhibits a critical temperature Tc,90 of 90.4 K and a ΔTc of 
0.85K. The YBCOPLD/YBOCSD/LAO architecture yields outstanding superconducting 
properties with a critical current density of 3.6 MA/cm², indicating excellent 
texture transfer from the buffer layer to the superconducting layer. 
The texture analysis of the YBCOPLD/YBOCSD/LAO architecture is shown in Figure 
3.11. The φ-scan of the YBa2Cu3O7-δ (102) reflection gives rise to a FWHM-value of 
1.6°, indicating low in-plane misorientation. From the XRD measurement, it can be 
seen that no a-axis formation or chemical reaction occured. However, when 
comparing the (002) reflections of the buffer layer prior and post YBCO deposition, 
a shift towards higher Bragg angles is observed. Additionally, the intensity of the 
(110) reflection increases and also shifts to higher 2θ values. The Bragg angles for 
both reflections now coincide with the cubic Y2O3 crystal structure, which thus 
indicates that Bi3+ is eliminated from the buffer layer during pulsed laser 
deposition of YBCO. To confirm this hypothesis, the YBCOPLD/YBOCSD/LAO sample 
was studied with electron microscopy. 
 
Figure 3.12: (a) Topographical and (b) cross-sectional SEM image of YBCO film grown 
on top of YBiO3-buffered LaAlO3 by PLD. 
From the SEM analysis (Figure 3.12), it can be seen that no secondary phases are 
present at the YBCO surface and its microstructure is similar as previously 
reported by Hühne et al. [13]. Compared to the YBiO3 film prior to YBCO deposition 
(Figure 3.9b), a clear change in morphology and a reduction in both thickness and 
homogeneity is observed. To investigate the buffer layer – YBCO interface, a cross-
sectional lamella was prepared for TEM measurements by the FIB in-situ lift out 
procedure [14]. The bright field TEM image confirms that the buffer layer is less 
uniform than before the YBCO deposition. Overall, the buffer layer thickness 
decreased and at some points the buffer layer is completely gone. Despite this 
reduction in thickness, a sharp interface is maintained between the remaining 
buffer and superconducting material, indicating that no chemical reaction occurred 
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during the YBCO deposition. The reduction in thickness confirms the loss of 
bismuth throughout the deposition process, leaving an Y2O3 layer between the 
YBCO and the LAO substrate. Given the sublimation sensitivity of bismuth 
containing compounds, it is likely that YBiO3 decomposes during the deposition 
process at high temperatures and low pressures, giving rise to the subsequent 
sublimation of Bi2O3 while Y2O3 remains as a thin film. It is interesting to note that 
the remaining Y2O3 exhibits the body centered cubic crystal structure and the 
orientation relationship towards the substrate and the YBCO is maintained. This 
can be deduced from both the bright field and the high resolution TEM images 
shown in Figure 3.13. In bright field, Moiréé fringes are clearly visible around the 
Y2O3/YBCO interface. Moiréé fringes can originate from two types of small 
misorientation which causes lattice fringes to overlap: 
 
Figure 3.13: (a-c) BFTEM overview of YBCO/Y2O3/LAO architecture showing Moiréé 
contrast at the Y2O3/YBCO interface and (slightly) misaligned regions in the YBCO 
film, (d) Average background ZLP-filtered HRTEM image of the LAO/Y2O3/YBCO 
interfaces (Inset: FFT of Y2O3 buffer layer). Combinational or rotational Moiréé 
fringes are indicated by respectively C and R. 
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On one hand, a small difference in lattice parameter gives rise to translational 
Moiréé contrast which creates regularly spaced fringes parallel to the lattice plane 
of investigation, but with a different periodicity. On the other hand, when identical 
lattices exhibit a small rotational misorientation, rotational Moiréé fringes are 
created, hereby forming fringes perpendicular to the viewed lattice plane. When 
two materials exhibit both rotational misorientation as well as lattice mismatch, 
the combination of both fringes results in fringes with different lengths and 
rotations. 
For the YBCO/Y2O3/LAO architecture, multiple regions showing Moiréé contrast 
are present. At the Y2O3/YBCO interface, this contrast originates from both 
rotational and translational misfit between overlapping YBCO and Y2O3 grains in 
the viewing direction (marked with C in Figure 3.13a-c). In the YBCO film, a lot of 
strained regions can be observed which deviate from the ideal (00l)-orientation, as 
well as rotationally misaligned grains causing perpendicular Moiréé fringes. This is 
most likely caused by the microstructural changes of the buffer layer during 
deposition, causing a larger interface roughness which leads to a decreased 
epitaxial growth and subsequent biaxial texture of YBCO. From Figure 3.13b, it can 
be seen that the YBCO is much more uniform in regions where the buffer layer 
remains flat.  
The fast Fourier transform of the high resolution image of the buffer layer can be 
indexed as the [1-10] zone axis of body centered cubic Y2O3, meaning that the Y2O3 
crystal is rotated over 45° in order to decrease the lattice mismatch with the 
LaAlO3 substrate. Despite the compositional changes, the buffer layer maintains 
the (001)YBCO||(001)Y2O3||(001)LAO and [100]YBCO||[110]Y2O3||[100]LAO orientation 
relationship. 
 
Figure 3.14: STEM-EDX analysis of YBCO/Y2O3/LAO architecture (Peak marked with 
an * originates from stray radiation of the molybdenum grid) 
The loss of bismuth is further confirmed by STEM-EDX, as shown in Figure 3.14. No 
bismuth containing compounds are found throughout the YBCO layer, indicating 
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complete sublimation of Bi2O3 out of the architecture. Despite the excellent 
superconducting properties, these findings therefore imply that YBiO3 is not a 
suitable buffer layer candidate for PLD-YBCO deposition. 
3.6.2 TFA – Chemical Solution Deposition 
The instability of YBiO3 in vacuum conditions at high temperatures limits the use 
of this material for Pulsed Laser Deposition purposes. As TFA-based YBCO 
deposition uses conditions similar to those of the YBiO3 synthesis, the vacuum 
instability is not likely to cause any problems. Low fluorine-containing YBCO 
solutions were deposited via spin-coating on YBO-buffered LAO substrates 
according to procedures previously reported by Obradors et al. [15]. All deposited 
YBCO layers were calcined at 350 °C under humid O2 atmosphere with a heating 
rate of 5 °C/min. Subsequently, the calcined layers were heated with a ramp of 
25 °C/min to 780, 810 or 820 °C under a 200 ppm O2/N2 atmosphere.  
 
Figure 3.15: XRD analysis of YBCO films grown on YBO-buffered LAO at (a) 780 °C, (b) 
810 °C, (c) 820 °C. 
From the XRD analysis, it is clear that strongly textured YBCO is formed, 
accompanied by the presence of secondary phases for the films grown at 780 and 
810 °C. The films grown at 820 °C only exhibit (00l) reflections of YBCO, indicating 
excellent epitaxial growth. The absence of secondary phases for the YBCO films 
grown at 820 °C leads to a Tc of 89.5 K and a critical current density of 1.2 MA/cm², 
whereas the films sintered at lower temperatures exhibit poor superconducting 
properties. However, for all samples the (002) reflection of YBiO3 is absent, again 
suggesting the instability of the YBiO3 buffer layer. The secondary phases present 
at 780 and 810 °C can be identified as YBa2BiO6, meaning that barium reacts with 
the complete buffer layer. At 820 °C no reflections of this compound are present, 
which most likely can be attributed to the decomposition of YBa2BiO6 and 
subsequent sublimation of bismuth at this temperature. 




Figure 3.16: Topographical SEM analysis of YBCO films grown on YBO buffered LAO at  
(a) 780 °C, (b) 810 °C, (c) 820 °C and (d) EDX analysis of secondary phases present at 
YBCO surface. 
The microstructural analysis of the different YBCO films is shown in Figure 3.16. 
All films show the typical YBCO topographical structure, but the films grown at 
780 °C and 810 °C show the presence of additional phases at the surface of the film. 
These secondary phases were further analyzed by EDX, which revealed that these 
compounds mainly consist of Ba, Bi and Y which is consistent with the detected 
YBa2BiO6 in the XRD analysis. Although some a-axis oriented grains are present at 
the surface of the YBCO films grown at 820 °C, they show a good surface 
morphology and no bismuth-containing secondary phases are found on the 
surface. To study the cross-sectional microstructure of the obtained thin films, 
TEM-lamellae were produced by FIB and studied with HAADF-STEM and EDX in 
collaboration with EMAT, University of Antwerp. As can be expected from the SEM 
and XRD analysis, a similar microstructure is obtained for the YBCO films grown at 
780 and 810 °C. For both samples, it can be seen in Figure 3.17 that YBa2BiO6 is not 
present as an intermediate layer between YBCO and the LAO substrate, but large 
grains of this phase can be found starting from the substrate interface up to the 
surface of the YBCO film. The darker particles present within the YBa2BiO6 phase 
can be identified as Y2Cu2O5, which is a commonly observed intermediate phase 
during the growth of fluorine-based YBCO films [15-17].  
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Figure 3.17: HAADF-STEM overview of YBCO films grown on YBiO3-buffered LAO 
substrates at (a) 780 °C and (b) 810 °C (Inset: FFT of YBCO-YBCO grain boundary 
showing a 9° misalignment). (c) STEM-EDX maps of Al, Bi, Y and Ba from the region 
shown in (b). 
As barium reacts with the YBiO3 buffer layer, the excess of yttrium-cuprate 
remains present as submicron-sized particles throughout the complete film. 
Additionally, it can be seen in the HAADF images that the YBCO grains closest to 
the interface appear brighter. This is not originating from a change in composition, 
but from electron channeling effects caused by the perfect alignment of these YBCO 
grains with the single crystal LAO substrate, viewed along the [100] zone-axis [18]. 
However, due to the large YBa2BiO6 grains present throughout the layer, the 
epitaxial growth of the YBCO is disturbed, leading to more weakly (00l)-textured 
YBCO grains towards the surface of the films. Similar electron channeling contrast 
is again observed in these YBCO grains, showing columnar-type low angle 
boundaries at which the YBCO crystals are slightly misaligned. It should be noted 
that this kind of columnar growth mode is rather uncommon for MOD-based YBCO 
films and its origin remains unclear.  
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Figure 3.18: High resolution HAADF-STEM images of YBCO film grown on YBiO3-
buffered LAO at 810 °C: (a) YBCO/LAO interface showing Y2Ba4Cu7O15 (Y247) 
intergrowths in the YBCO layer, (b) YBCO/YBa2BiO6 grain boundary, (c) 
YBa2BiO6/LAO interface. 
From the high resolution images in Figure 3.18, it is clear that epitaxial YBCO 
grains directly nucleated and grew onto the LAO substrate without the presence of 
any intermediate YBiO3 or Y2O3 layer, from which it can be concluded that the 
whole buffer layer reacts with the available barium during the thermal processing 
of the YBCO film. Next to the YBa2BiO6 formation, the barium deficiency in the 
YBCO film and the strain caused by the secondary phase gives rise to intergrowths 
of Y2Ba4Cu7O15 (Y247), which can be considered as two YBCO crystals with an 
additional CuO plane in between. The YBa2BiO6 secondary phase grows 
polycrystalline and no orientation relationship between YBa2BiO6 and LAO or 
YBa2BiO6 and YBCO could be found. From the weak epitaxial growth of YBCO in 
combination with the current-blocking behavior of the large YBa2BiO6 grains, it is 
clear that poor superconducting performances are obtained for the films grown at 
780 and 810 °C. 
For the YBCO films grown at 820 °C, no more bismuth-containing compounds are 
present in the layer, hereby confirming the decomposition of YBa2BiO6 and 
subsequent sublimation of Bi2O3. Due to the decomposition and the pushing of the 
secondary phases towards the surface, small amounts of BaO or Ba(OH)2 can 
occasionally be found at the surface of the YBCO films as shown in the EDX map in 
Figure 3.19. This phenomenon also explains the formation of Y2O3 nanocrystallites 
in the YBCO layer, which are visible in the HAADF overview image and the EDX 
map. The YBCO layer is strongly textured and grows epitaxially on the single 
crystal LaAlO3 substrate, as shown in the high resolution HAADF-STEM images, 
hereby explaining the good superconducting properties. Again, a similar columnar 
microstructure as for the films sintered at lower temperature is observed, which 
could indicate that the reaction of YBCO with the buffer layer and the subsequent 
elevation and decomposition of this secondary phase has an effect on YBCO’s 
microstructure and growth mode. 
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Figure 3.19: HAADF-STEM images of YBCO film grown on YBiO3-buffered LAO at 
820 °C: (a) High resolution image of YBCO/LAO interface showing direct nucleation of 
YBCO on the LAO substrate, (b) overview of YBCO film displaying columnar-type of 
microstructure and secondary phases on top, (c) EDX map of Y (red), Ba (green), La 
(purple) and Pt (blue) from the region shown in (b). 
In order to have a better view on the stability of the buffer layer, a pyrolyzed YBCO 
film on YBiO3-buffered LAO was studied by TEM. In Figure 3.20, the smoothness of 
the buffer layer is again observed, although some porosity is present, which could 
not be observed in the SEM analysis. Additionally, the upper part of the buffer layer 
is found to be randomly oriented, which is consistent with the blurred diffraction 
spots observed in the RHEED measurements (Figure 3.8). Most likely, the region 
used for sample preparation mainly consisted of amorphous surface area where an 
incomplete texturing of the YBiO3 film occurred. Nevertheless, the YBiO3 buffer 
layer is still chemically intact after pyrolysis, indicating that the reaction of barium 
with the buffer layer occurs during the crystallization of YBCO, similar to BaCeO3 
formation observed for ceria-based buffer architectures [19, 20].  
 
Figure 3.20: HAADF-STEM images of low-TFA YBCO film on YBiO3-buffered LAO after 
pyrolysis at 350 °C in humid oxygen: (a) Overview image of YBCO/YBiO3/LAO 
interface showing the preservation of the buffer layer, (b) Overview image of the 
YBiO3 buffer layer displaying a smooth and reaction-free interface, (c) EDX map of Y 
(red), Ba (green), Al (yellow) and Bi (orange) from the region shown in (b). 
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Given that within an YBCO formation temperature range of 40 °C, reaction or 
complete disappearance of the buffer layer is observed, it can be concluded that 
the YBiO3 buffer layer systems have no advantage over the commonly used and 
well established CeO2 cap layer. Therefore, in contradiction to results presented in 
literature, it is believed that bismuth-based buffer layers systems are not suitable 
for implementation in coated conductors. 
3.7  Conclusion 
YBO thin films were prepared starting from a water based precursor solution by 
dip-coating. The thermal decomposition of this precursor solution was studied as a 
function of atmosphere and oxygen partial pressure. It was observed that, starting 
from the obtained water based solutions, YBiO3 could not be synthesized in a 
reducing atmosphere. However by performing the thermal treatment under argon, 
a full conversion to YBiO3 can be obtained. The introduction of water vapor in the 
heat treatment atmosphere yielded an annihilation of Bi2O3 sublimation and a 
strong increase in crystallinity and biaxial texture for the YBO thin films. It was 
observed that only thin layers of around 40 to 50 nm exhibit a biaxial texture 
component at the surface and for these films a surface roughness lower than 2 nm 
was obtained. The texture transferring properties of YBO were tested by both PLD 
and TFA-based YBCO deposition on YBO-buffered LaAlO3. Although in both cases 
good superconducting properties were obtained, respectively 3.6 and 1.2 MA/cm², 
it was shown by TEM analysis that the buffer layer is unstable during the YBCO 
processing. In the case of vacuum deposition, sublimation of bismuth oxide is 
observed at low pressures and high temperatures, leading to a textured yttria layer 
which serves as growth template for YBCO. For TFA-based YBCO deposition, 
reaction of the YBiO3 buffer layer with barium is observed, giving rise to large 
YBa2BiO6 grains which are pushed towards the surface of the YBCO film. When 
using higher growth temperatures, this secondary phase decomposes and bismuth 
oxide sublimates out of the complete structure, leaving a textured YBCO film which 
directly nucleated and grew onto the LaAlO3 single crystal substrate. These results 
indicate that bismuth-based buffer layers are not suited for replacing CeO2 in the 
commonly used buffer-architectures for coated conductors.  
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5. Chapter 4 
 







In this chapter, various novel water-based SrTiO3 precursor solutions 
were developed and studied by infrared and Raman spectroscopy in 
order to identify the species present in the solutions. By using different 
chelating agents to stabilize the metal ions in water, the impact of the 
precursor chemistry on the growth process of the  SrTiO3 thin films was 
studied. This led to a thorough understanding of the required chelated 
species in order to grow high quality STO thin films. 
 
Adapted from: 
G. Pollefeyt, S. Clerick, P. Vermeir, P. Lommens, K. De Buysser, I. Van 
Driessche, Influence of aqueous precursor chemistry on the growth 
process of epitaxial SrTiO3 buffer layers, Inorg. Chem., 2014, 53 (10), 
4913-4921. 
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4.1  Introduction 
The interesting properties of titanate-based materials make them one of the most 
studied electroceramics in research labs all over the world. Due to the high charge 
storage capacity (i.e. dielectric constant), good insulating properties, chemical 
stability and non-toxicity, the applications of SrTiO3 (STO) thin films range from 
multifunctional devices such as high density capacitors, non-volatile memories and 
electro-optic components to buffer layers for superconducting coated conductors 
[1-6]. For all of these applications, the perovskite thin films have to exhibit certain 
crystalline and morphological properties, leading to a higher degree of interest for 
textured STO films over those of polycrystalline or amorphous nature [7-9]. As 
previously stated in Chapter 2, these crystalline properties were mainly obtained 
by depositing SrTiO3 via physical vapor deposition techniques such as pulsed laser 
deposition (PLD), RF sputtering or molecular beam epitaxy (MBE) [8-10]. 
However, in the last decade, research towards CSD methods for the growth of high 
quality titanate-based thin films has received growing attention. 
Typically, chemical solution deposition of perovskite STO thin films consists of 
mixing strontium- and titanium alkoxides under water-free conditions as most 
commercially available titanium precursors are extremely sensitive for hydrolysis, 
leading to Ti(OH)4 precipitation upon contact with water [11, 12]. Compounds 
such as methanol, 2-methoxyethanol or methoxypropanol are then used as solvent. 
Chelation of the starting materials with compounds such as (glacial) acetic acid for 
the strontium-ions and acetylacetone for the titanium-ions reduces the hydrolysis 
sensitivity and results in solutions which are slightly easier to handle in open air 
[2, 3, 11, 13]. Furthermore, the stabilization of the metal ions can lead to an 
improved growth mechanism, as the decomposition of the different monomeric 
species can be delayed. This gives rise to a higher mobility of these compounds up 
to high temperatures and additionally promotes epitaxial nucleation and growth, 
leading to films of higher quality [2]. 
While the influence of the addition of chelating agents has been thoroughly studied 
for the conventional organic chemical solution deposition methods, this remains a 
point of discussion for water-based systems.  Aqueous solution routes offer a more 
sustainable deposition process, but they are strongly hampered by the hydrolysis 
sensitivity of elements such as titanium [14]. To ensure compatibility of the metal 
ions with water, they are stabilized with various complexing agents, giving rise to 
water-insensitive metal-chelate complexes and precursor solutions which can be 
stable for over months or even years [14-16]. A large diversity of chelating 
compounds such as triethanolamine (TEA), iminodiacetic acid (IDA), 
ethylenediaminetetraacetic acid (EDTA) and citric acid have already been 
successfully used for the development of aqueous precursor solutions allowing the 
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growth of high quality ceramic materials [17-20]. The focus of this chapter lies on 
the development of water-based SrTiO3 precursors and the influence of the 
precursor chemistry on the growth process and the final morphological and 
crystalline properties of the obtained STO films. 
4.2  Precursor formulation 
To study the influence of the precursor chemistry on the final properties of the 
obtained SrTiO3 film, four novel water-based precursor systems were developed. 
For each of the metal ions, two aqueous stock solutions containing different 
chelating agents were developed. The SrTiO3 precursor solutions are then obtained 
by mixing these stock solutions. In order to identify precursor-characteristic 
vibrations via Raman and infrared spectroscopy, metal-ion free blanks were also 
synthesized and compared with the metal-containing precursor solutions. 
 
Figure 4.1: Chemical structures of the different organic chelating agents used in the 
SrTiO3 precursor solutions. 
For the strontium solutions, iminodiacetic acid (IDA, Alfa Aesar > 98%) or 
ethylenediaminetetraacetic acid (EDTA, Sigma Aldrich 99.4%-100.6%) were 
dissolved in water with a molar ratio of respectively 2:1 and 1:1 relative to Sr2+ by 
addition of 1.5 mL ethanolamine (EA, Fluka > 99.0%). After complete dissolution of 
the complexing agents, Sr(NO3)2 (Sigma Aldrich, > 99.0%) was added to obtain a 
stable 0.7 M Sr2+ precursor with a pH of about 8.  
For the Ti4+-solutions, two different pathways were followed. For the first type of 
precursor, titanium-isopropoxide (Sigma-Aldrich, 97%) was precipitated in a 
tenfold amount of water and the precipitate was filtered and washed to obtain wet 
Ti(OH)4 [21], which was then re-dissolved in a mixture of H2O2 (Sigma-Aldrich 35 
wt% in H2O), IDA and water. Both hydrogen peroxide and IDA were used in a 2:1 
ratio relative to the titanium concentration. After addition of ethanolamine and 
one hour of stirring at 60 °C, a stable 0.7 M titanium stock solution with a pH of 4 
was obtained. For the second type of Ti4+-solutions, titanium-isopropoxide was 
added to triethanolamine (TEA, Roth, >99%) in a 2:1 ratio with respect to the 
metal ion. After stirring of this mixture, hydrogen peroxide (2:1 to Ti4+) and water 
were added, leading to stable precursor solutions with a metal concentration of 
0.7 M and a pH of around 8.5. 
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Table 4.1: List of SrTiO3 solutions. 
Name Sr2+-complex Ti4+-complex pH Concentration 
IDA-IDA IDA IDA-H2O2 5 0.7M 
IDA-TEA IDA TEA-H2O2 7* 0.7M 
EDTA-TEA EDTA TEA-H2O2 5 0.7M 
EDTA-IDA EDTA IDA-H2O2 5 0.7M 
* The pH was set to 7 as the solution was unstable at pH 5 
In order to obtain SrTiO3 precursor solutions exhibiting long-term stability, 
stoichiometric amounts of the obtained single metal precursors were mixed and 
their pH was adjusted afterwards to 5 or 7 by addition of HNO3 (Roth, 65 wt% in 
H2O), as shown in Table 4.1. 
In aqueous chemical solution deposition processing, the formation of stable metal-
chelates is known to be dominated by equilibrium reactions characterized by their 
stability constants. Due to these equilibria, it is likely that ligands which were 
initially bound to strontium-ions switch to the titanium-ions and vice versa.  In 
order to study these ligand exchanges by Raman and infrared measurements, 
additional metal solutions were prepared. A strontium-TEA solution was obtained 
by dissolving TEA in water with a molar ratio of 2:1 with respect to Sr2+. After 
addition of Sr(NO3)2, a stable 0.7 M Sr-TEA precursor was obtained with a pH of 
around 7. An additional titanium-EDTA solution was also prepared by replacing 
IDA in the above described method by EDTA in a 1:1 molar ratio, leading to a stable 
0.7 M Ti-EDTA solution with a pH of 4. 
To study the stability of the precursors at higher temperatures, all the solutions 
were gelled at 60 °C for 4 hours in a drying furnace. Throughout this gelation step, 
most of the solvent evaporates and a highly viscous substance is obtained. The 
stability of this gel is essential for obtaining compositional homogeneity 
throughout the film. Only the monometallic Sr-TEA and the bimetallic TEA-IDA 
solutions showed precipitation leading to inhomogeneous gels. 
4.3  Precursor characterization 
4.3.1 Coordination chemistry 
In Figure 4.2, the infrared and Raman spectra of the mono-metallic precursors are 
shown in the fingerprint area ranging from 2000 to 300 cm-1. These spectra are 
compared to those obtained for their metal-ion free blanks, in order to identify 
characteristic vibrations of the formed metal-chelates. The assignment of the 
various absorption bands and Raman shifts according to literature is shown in 
Appendix A [22-26]. The experimental conditions for the measurements of the 
different solutions can be found in Appendix B.1. 
4.3 Precursor characterization 65 
 
In the case of the Ti-TEA precursor (Figure 4.2a), four characteristic vibrations 
appear at 1598, 1110, 893 and 682 cm-1 while these are absent in the spectrum of 
the blank. The strongest absorbances at 1110 cm-1 and 893 cm-1 can be assigned to 
respectively the C-N(-C) stretch of TEA and the O-O stretch of H2O2, both 
coordinated to the metal ion. The chelating reaction of TEA (and H2O2) with the 
Ti4+-ion can also be observed in the Raman spectra, where 3 Raman shifts appear 
at 1130, 608 and 545 cm-1 upon addition of titanium to the blank.  
 
Figure 4.2: Infrared (top, right axis) and Raman spectra (bottom, left axis) of 
monometallic precursors (solid lines) and their blanks (dashed lines): (a) Ti-TEA, (b) 
Ti-IDA, (c) Ti-EDTA, (d) Sr-TEA, (e) Sr-IDA and (f) Sr-EDTA. 
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These shifts can respectively be attributed to the C-N(-C) stretch of TEA and M-O, 
M-N or skeletal ligand shell vibrations. Additional shifts of the spectra in both the 
infrared and Raman spectrum can be attributed to the chelating effect of the 
triethanolamine, which in turn has an influence on the total vibrational and 
electronic states of the molecule. 
For the Ti-IDA precursor (Figure 4.2b), the metal coordinated C-N(-C) stretch can 
again be observed at 1113 cm-1 as well as additional bands at 922, 865 and 
620  cm-1. The band at 922 cm-1 can be assigned to the C-O deformation of IDA’s 
coordinated carboxylate ions, whereas the band at 865 cm-1 can be attributed to 
the O-O stretch of H2O2 coordinated to Ti4+. The υas(Ti – O2) can be observed in 
both the infrared (620 cm-1) and the Raman spectrum (614 cm-1). Furthermore, 
additional Ti - N or  skeletal motions of the chelated site can be observed in the 
Raman spectrum at 482 and 413 cm-1. Apart from these direct metal – ligand 
motions, also the vibrational modes of carboxylate groups are strongly dependent 
of their chelating behavior. Only small shifts of both the symmetric and 
asymmetric COO- stretches are observed with slightly higher energy difference 
(Δυ) in both the Raman and infrared spectrum, indicating the presence of bridging 
carboxylate groups [22]. 
In the case of the Ti-EDTA precursor (Figure 4.2c), clear shifts of the carboxylate’s 
vibrational modes towards a higher Δυ of 185 cm-1 with respect to the free 
carboxylate can be seen, indicating the monodentate bonding behavior of the 
chelating COO--groups [22]. These shifts can be seen in both the infrared and the 
Raman spectrum, although it is worthy to note that the symmetric stretch is almost 
absent in the Raman spectrum. This feature can also be attributed to the 
monodentate bonding behavior, leading to a decreased polarisability and 
subsequent Raman sensitivity of the symmetric carboxylate stretch. Next to the 
shifted carboxylate peaks, additional infrared absorptions are found at 933 cm-1 
(π(C-O)), a doublet around 870 cm-1(υ(O-O), υs(C-N)) and 621 cm-1 (υas(Ti-O2)). 
The C-N(-C) stretch which was observed at 1110 cm-1 for both the TEA and IDA 
containing precursors has now split into a weaker doublet with peaks at 1085 and 
1110 cm-1, which can most likely be attributed to the higher symmetry of the 
chelating agent. As for the other titanium precursors, additional vibrational 
motions are observed in Raman below 650 cm-1, with a very strong υas(Ti-O2) 
vibrational mode at 630 cm-1. 
In contrast to the previous Ti4+-precursors, the Sr-IDA and Sr-TEA precursor show 
no clear differences with respect to their metal-ion free blanks (Figure 4.2d,e), 
indicating that both iminodiacetic acid and triethanolamine have no interaction 
with the Sr2+-ion. The higher intensity of the infrared band at 1330 - 1340 cm-1 and 
Raman scattering at  1046 cm-1 can be assigned to the higher concentration of 
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NO3--groups, as strontium nitrate was used as metal salt to prepare the solutions. 
For the Sr-EDTA (Figure 4.2f) precursor, no clear shifts of the carboxylate stretches 
are observed in both the infrared and Raman spectrum. Furthermore, only one 
(weak) characteristic motion is observed in the low frequency Raman spectrum at 
417 cm-1. This vibrational mode can most likely be assigned to the stretching of the 
Sr-N bond. The existence of this bond is also demonstrated by the presence of the 
coordinated C-N(-C) stretch at 1110 cm-1. From these measurements, it can be 
concluded that EDTA solely bonds through the nitrogen atoms with the strontium 
ions. This preferred bonding of strontium with nitrogen can be expected from the 
hard soft acid base principle, as strontium is a soft acid and nitrogen is a softer 
base than oxygen. These results are in good agreement with the theoretical 
stability constants of the metal-chelate formation, as it is generally known that 
EDTA is a stronger chelating agent than TEA and IDA [27-30]. 
In order to obtain precursors suitable for the deposition of SrTiO3 films, 
stoichiometric amounts of the Sr2+- and the Ti4+-precursors are mixed leading to 
STO precursors. Upon this mixing, the differences in chelating strength of the used 
ligands are the driving force for possible ligand exchanges. To study these 
phenomena, the obtained bimetallic precursors and their metal-ion free blanks 
were again examined by both Raman and infrared spectroscopy, as shown in 
Figure 4.3. 
It can be seen that the Raman spectrum of the IDA-TEA precursor (Figure 4.3a) 
suffers from Raman fluorescence, making the signal unusable. Because the IDA-
TEA gel appeared to be unstable, the infrared spectrum was obtained from the as-
synthesized solution. The H2O-bend at 1630 cm-1 dominates the spectrum, hereby 
masking the possible carboxylate stretching shifts. When comparing to the spectra 
of the monometallic Ti-TEA, Sr-IDA and Ti-IDA precursors (Figure 4.2a,b,e), it can 
be seen that the metal-coordinated C-N(-C) stretch is again present at 1112 cm-1, 
albeit with a lower relative intensity then observed for the monometallic Ti-TEA 
precursor. This could indicate a ligand exchange at the Ti4+ center from 
coordinated triethanolamine to coordinated iminodiacetic acid. This is further 
endorsed by the instability of the bimetallic IDA-TEA gel, whereas the 
monometallic gels of Ti-TEA and Sr-IDA appear to be stable. Due to the ligand 
exchange, Sr2+-ions and triethanolamine remain free in the solution, leading to 
instable gels, which is also the case for the monometallic Sr-TEA precursor. 
For the EDTA-TEA precursor (Figure 4.3b), the same fluorescence problem 
occurred during the Raman measurements. However, despite this fluorescence, a 
vibration mode can be observed at 630 cm-1 which corresponds to the M-O 
vibration of the Ti-EDTA-H2O2 complex. 
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Figure 4.3: Infrared (top, right axis) and Raman spectra (bottom, left axis) of 
bimetallic precursors (solid lines) and their blanks (dashed lines): (a) Sr-IDA-Ti-TEA, 
(b) Sr-EDTA-Ti-TEA, (c) Sr-IDA-Ti-IDA and (d) Sr-EDTA-Ti-IDA. 
Again, this would indicate a ligand exchange from triethanolamine to EDTA, which 
is further confirmed by the presence of characteristic Ti-EDTA vibrational modes 
at 936 cm-1(π(C-O)), 886 – 868 cm-1(υ(O-O), υs(C-N)) and 624 cm-1(υas(Ti-O2)). 
However, despite the presence of a shoulder at 1630 cm-1 in the infrared spectrum 
assigned to the asymmetric coordinated carboxylate stretching of EDTA, also 
characteristic vibrations of Ti-TEA and Sr-EDTA can be observed at 1110 (υ(C-N(-
C))) and 686 cm-1. The presence of these vibrational modes indicates that the 
ligand exchange is not completed and mixed TEA-EDTA complexes of Ti4+ are 
present in the solution, in combination with EDTA coordinated strontium ions. 
Moreover, the carboxylate vibrational modes observed at 1580 and 1380 cm-1 are 
clearly shifted with respect to the vibrational modes of the monometallic 
precursors, indicating that some of EDTA’s carboxylate groups are bond to Sr2+. In 
addition, it cannot be excluded that hetero-nuclear complexes are formed in which 
EDTA forms bridges between Sr2+ and Ti4+ ions.  Nevertheless, in all of these 
situations, it is clear that both the Ti4+ and Sr2+ are stabilized by the ligands, which 
can be crucial for the homogeneity of the final products. 
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In the case of the IDA-IDA precursor, it can be expected that the spectra consist of 
vibrational motions originating from the organic compounds and the characteristic 
vibrations of the Ti-IDA-H2O2 complex, as Sr2+ was proven to be unchelated by IDA. 
Indeed, in Figure 4.3c the characteristic motions of the Ti-IDA-H2O2 complex, 
which were described previously, are observed in both the infrared and Raman 
spectrum. It should be noted that broadening or small shifts of the vibrational 
modes is inherent to matrix effects of these bimetallic precursors, making the 
spectra more complex to analyze. Nevertheless, the observed vibrations indicate 
that the Ti4+ is stabilized by the ligands, whereas Sr2+ remains free in the solution. 
The last precursor which was analyzed is obtained by mixing the Sr-EDTA and Ti-
IDA precursors. From the vibrational modes observed in the Raman low frequency 
region in Figure 4.3d (630, 480, 458 and 406 cm-1), it can be seen that a ligand 
exchange occurs giving rise to Ti-EDTA chelated sites. The broadening and shift of 
the asymmetric carboxylate stretch at 1665 cm-1 in Raman confirms the ligand 
exchange, but also indicates the presence of remaining Ti-IDA and Sr-EDTA or 
hetero-nuclear complexes. From the fingerprint area of the infrared spectrum, 
contributions originating from both Sr-EDTA (1111 and 714 cm-1), Ti-EDTA (936, 
886 and 622 cm-1) and Ti-IDA (1111 and 865 cm-1) can be observed, again leading 
to the conclusion that both metal ions are stabilized in either a mono- or hetero-
nuclear complex. 
In summary, it was shown in the measurements of the monometallic solutions that 
iminodiacetic acid is incapable of chelating Sr2+, whereas EDTA is able to bond with 
Sr2+ via its nitrogen atoms. Upon adding the strontium solutions to the titanium 
solution in order to obtain the STO precursor, a ligand exchange was observed 
leading to an unstable gel for the IDA-TEA solution. For the IDA-IDA solution, only 
the presence of Ti-IDA-H2O2 could be shown, leaving the Sr2+ ions free in the 
solution. For the solutions in which Sr2+ was initially stabilized by EDTA, the ligand 
exchange also occurred but was not completed, giving rise to either hetero-nuclear 
complexes or partially stabilized Sr2+. These differences in strontium stabilization 
are expected to have a strong influence on the SrTiO3 formation as strontium will 
be released earlier throughout the thermal processing of the films synthesized 
from the IDA-IDA and IDA-TEA precursors compared to the precursors where the 
strontium ions are stabilized by chelation with EDTA. 
4.3.2 Decomposition behavior 
Despite the differences in precursor chemistry, a similar thermal decomposition 
behavior is seen for all precursor solutions under air (Figure 4.4). The weight loss 
below 200 °C can be attributed to the vaporization of water, nitric acid and 
ethanolamine.  
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Figure 4.4: TGA-DTA analysis of the bimetallic precursors performed in flowing air 
with a heating rate of 10 °C/min. 
The second weight loss between 200 and 480 °C is caused by the decomposition of 
nitrate-groups from the metal precursor, free triethanolamine and the 
decarboxylation of free carboxylic acid [20, 31, 32]. All the solutions exhibit a 
strong exothermic combustion around 500-510 °C, followed by the removal of 
residual carbon starting from 600 °C. These final two steps can be assigned to the 
combustion of the present metal-complexes or decoordinated ligands [24].  
4.4  Thin film deposition, growth and characterization 
In order to study the influence of the precursor chemistry on the growth process 
and the properties of the films, the solutions were dip-coated onto single crystal 
(00l)-oriented LaAlO3 substrates and subsequently heat treated. Prior to coating, 
the substrates were rinsed with isopropanol and heated to 400°C in order to 
remove adsorbed organics [33]. After cooling the substrate to room temperature, 
the solution was coated onto the substrate using suitable conditions and speeds in 
order to obtain 100 to 150 nm thick films. The as-coated films were first dried in a 
drying furnace at 60 °C for 30 min. The high temperature processing of these dried 
films was performed in a quartz tube furnace under a controlled dry or humid 
Ar/5% H2 atmosphere. To obtain a humid atmosphere, the forming gas was 
bubbled through two water bubblers at room temperature. The dried films were 
heated with a heating rate of 8 °C/min to 1100 °C for 2 hours and furnace-cooled 
afterwards. The flow of the (humid) forming gas was kept constant at 150 mL/min. 
As a reference, some of the sintered films were post-annealed in pure oxygen at 
1100 °C for 2 hours. 
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When processing in dry Ar/5% H2, epitaxial (002)-oriented films are obtained with 
only a small fraction of (110) phase present (f > 0.997), as shown in the XRD-
spectra in Figure 4.5.  
 
Figure 4.5: XRD patterns of epitaxial STO films on LAO single crystal substrates 
obtained in dry processing conditions (reflections marked with an * originate from 
secondary radiation of the X-ray tube). 
 
Figure 4.6: SEM images showing the surface morphology of STO thin films on LAO 
obtained by dry processing of (a) IDA-IDA, (b) IDA-TEA (Inset: low magnification), (c) 
EDTA-IDA and (d) EDTA-TEA precursors. 
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Due to the extremely low oxygen partial pressure (pO2 ≈ 10-17 atm) during thermal 
processing under dry Ar/5% H2 atmosphere, the combustion of the final 
complexes is only completed at the sinter-temperature, giving rise to very similar 
topographical morphologies for the four precursor solutions under investigation 
(Figure 4.6). In all cases, it can be seen that there is a worm-like grain structure, 
however, for the films obtained from the IDA-IDA and EDTA-IDA precursors 
(Figure 4.6a,c), also a higher amount of small outgrowths is observed in 
comparison to the other films. All obtained surfaces appear to be very rough with 
RMS roughness values higher than 16 nm as determined by AFM (Figure 4.7b). The 
film synthesized from the IDA-TEA precursor shows microscopic inhomogeneities 
(inset Figure 4.6b) due to the instability of the gel. Moreover, problems regarding 
reproducibility are observed for all solutions, occasionally leading to weakly 
textured films which exhibit a grey to black color as shown in Figure 4.7a. 
 
Figure 4.7: (a) Weakly textured and grey colored STO coating obtained after dry 
processing; (b) Typical AFM surface analysis (Inset: AFM height profile) of STO films 
obtained after dry processing.  
 
Figure 4.8: C 1s and Sr 2p binding energy region of films processed in (a) dry 
Ar/5%H2 and (b) after oxygen post-annealing at different sputtering times; XRD 
pattern of epitaxial STO films on LAO single crystal substrates obtained after post-
annealing in oxygen. 
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From the XPS measurements shown in Figure 4.8a and b, it is clear that these 
problems can be attributed to the presence of residual carbon induced by the 
reducing atmosphere used during processing. As previously shown by other 
researchers, the presence of residual carbon impedes nucleation and proper grain 
growth of the ceramic film during sintering [34-36]. Figure 4.8 shows the C 1s and 
Sr 2p binding energy region for films synthesized in dry Ar/5% H2 and films post-
annealed in pure oxygen. For both types of processing, surface contamination gives 
rise to a strong C 1s peak at around 284 eV. However, in case of processing in dry 
Ar/5% H2, the carbon signal only diminishes very slowly after sputtering, 
indicating the presence of carbon throughout the film. By performing an additional 
post-annealing step in pure oxygen, the residual carbon is removed, again leading 
to a strongly textured film as shown in Figure 4.8c. 
Despite the excellent results in terms of  residual carbon removal, a post-annealing 
procedure in oxygen is infeasible for further process development as this would 
give rise to oxidation of the commonly used metallic substrates in coated 
conductor architectures. Therefore, the oxygen partial pressure was raised (pO2 ≈ 
10-14 atm) during the heat treatment by addition of water vapor to the heat 
treatment atmosphere [37-39]. 
 
Figure 4.9: XRD patterns of epitaxial STO films on LAO single crystal substrates 
obtained in wet processing conditions (reflections marked with an * originate from 
secondary radiation of the X-ray tube). 
The XRD spectra in Figure 4.9 show that all films obtained under these conditions 
are strongly (002) textured with as good as no (110)-phase present (f > 0.999). 
This indicates that the addition of water vapor to the forming gas improves the 
texture of the SrTiO3 thin films, which can be attributed to the higher oxygen 
partial pressure which allows easier growth of the formed nuclei. In contrast to the 
dry processing conditions, large differences can now be seen regarding 
morphology between the films obtained via the different precursors.  
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Figure 4.10: SEM images showing the surface morphology of STO thin films on LAO 
obtained by wet processing of (a) IDA-IDA, (b) IDA-TEA (Inset: Low magnification), (c) 
EDTA-IDA (Inset: AFM height profile) and (d) EDTA-TEA precursors. 
The SEM-images in Figure 4.10 show that the IDA-TEA and the IDA-IDA solution 
give rise to the formation of micro-crystals on top of the surface, whereas the 
solutions containing EDTA exhibit uniform and homogeneous surfaces. The micro-
crystals observed via SEM were further analyzed by EDX (Figure 4.11a), from 
which it can be seen that the micro-crystals are strongly Sr-enriched. Prolonged 
XRD measurements revealed the presence of an additional reflection originating 
from SrO (111) planes (Figure 4.11b), confirming the chemical composition of the 
observed microcrystals. Similar microcrystals have already been observed in 
literature during the post-processing of SrTiO3 single crystals and were then 
identified as either SrO or TiOx [40, 41]. During these treatments, the nature of the 
crystals depends on the processing conditions, i.e. the atmosphere which is used. 
For oxidizing treatments, SrO nano-crystal formation is observed, whereas TiOx 
crystals are observed when processing in reducing or vacuum conditions. This 
indicates that the formation of the micro-crystals observed here is different in 
nature than the ones observed in literature. The origin of the phase segregation 
observed in this work is believed to lie in the precursor chemistry of the solutions, 
described in paragraph 4.3.1.  
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Figure 4.11: (a) Line scan electron image and normalized intensity plot of Sr and Ti 
EDX signal; (b) XRD pattern of STO films obtained by wet processing of IDA-IDA 
solution. 
Due to the additional stabilization of Sr2+ ions in the precursors containing EDTA, 
the STO reaction is controlled by the combustion of both the Sr2+ and Ti4+-
complexes, giving rise to single phase STO films. In the case where Sr2+ was initially 
‘stabilized’ by IDA, the free strontium-ions in the solution are transformed into SrO 
which is clearly incapable of undergoing complete reaction with TiO2 or 
Sr1-xTi1+yO3, leading to the micro-crystals observed in Figures 4.8 and 4.9. 
Due to the addition of water vapor to the sintering atmosphere, terracing of the 
films obtained from the solutions containing EDTA is observed (Figure 4.10c and 
d). It is believed that this terracing is a consequence of the facilitated combustion 
of metal complexes and removal of residual carbon, leading to improved grain 
growth and better texturing. Given the excellent c-axis orientation of the films and 
the rectangular shape of the terraces, these are believed to be (00l)-terminated 
planes. The microstructure observed in these films is similar to the ones reported 
by Kunert et al. and Clem et al. which use a TFA- or methanol-based synthesis, 
showing the high potential of these environmentally friendly precursors [12, 38, 
42]. Terracing and stabilization of (001) planes at the surface by the addition of 
H2O has already been observed in the case of post-annealing sputtered CeO2 films 
[34]. The origin of this enhanced terracing due to the presence of water has not 
been clarified yet and further research is needed to resolve this phenomenon.  The 
inset of Figure 4.10c shows the height profile of the formed terraces, revealing a 
high amount of flat regions. Due to the strong terracing, an RMS roughness of 
around 12 nm for an area of 25 µm² is obtained. Nevertheless, these terraces could 
be beneficial for subsequent epitaxial layer growth, as the nucleation mechanism 
can then be supported by the ledges present at the surface [43]. For these reasons, 
the solutions containing EDTA are believed to be suitable for the deposition of 
SrTiO3 thin films in terms of crystallinity and morphology. 
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4.5  Conclusion 
STO thin films were prepared starting from various novel water-based precursors. 
We found that the composition of the precursor solution has a strong influence on 
the morphology of the ceramic films after thermal processing, especially upon 
addition of water vapor to the atmosphere. However, these differences in 
morphology could not be attributed to the thermal decomposition behavior of the 
solutions, as all the solutions showed similar behavior upon heating. Thorough 
precursor analysis via Raman and infrared spectroscopy however showed that in 
some cases, depending on the type of chelating agent chosen for Ti4+ and Sr2+ 
respectively, the Sr2+ ions remain free in solution after mixing the precursors. Next 
to this, we were able to show that the introduction of water vapor in the synthesis 
atmosphere yields a strong increase in biaxial texture for all films. Additionally, if 
strontium was not stabilized in the precursor solution, microcrystal formation was 
observed on the surface of the films. Therefore it is clear that the stabilization of 
Sr2+ is crucial in order to obtain single phase, highly textured SrTiO3 films. In 
general, it can be stated that only solutions in which both metal ions are stabilized 
appear to be suitable for single phase SrTiO3 formation and the deposition of films 
which are capable of meeting the requirements for further usage in applications. 
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After obtaining a stable precursor solution capable of delivering high 
quality thin films, the physical characteristics of the solution need to be 
studied in order to verify its suitability for ink-jet printing purposes. In 
this chapter, the requirements for ink-jet deposition are discussed and 
determined for the solutions obtained in Chapter 4. In a second part, 
the optimized STO ink is printed on single crystal LAO substrates and 
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5.1  From solution to ink 
In Chapter 4, it was shown that the chemical stability and coordination chemistry 
of the different precursor solutions has a strong influence on the phase purity of 
the obtained ceramic thin films after thermal processing. These findings led to two 
solutions which are capable of delivering high quality SrTiO3 films, i.e. the EDTA-
IDA and the EDTA-TEA solutions. However, in order to deposit these solutions on 
the desired substrate via ink-jet printing not only the chemical stability is 
important, also the rheological properties of the solution come into play. Next to 
the printability of the solution, the interaction of the ejected droplets with the 
substrate has to be controlled in order to ensure homogeneous coatings. Both the 
droplet jetting and drop-substrate interaction have been thoroughly studied for 
various systems and led to typical fluid characteristics which allow a theoretical 
prediction of the final suitability of a precursor solution for ink-jet printing 
purposes [1, 2]. In the first part of this chapter, the parameters determining the 
printability will be introduced and determined for our own solutions. Secondly, the 
optimized ink is used for ink-jet deposition of highly textured SrTiO3 films on 
LaAlO3 substrates. 
5.1.1 Rheology and printability  
The generation of droplets in a DOD print head is a complex process and the 
precise physics and fluid mechanics of the process are the subject of much 
research [1]. The behavior of liquid drops in a printing system can be 
characterized by a number of dimensionless groupings of physical constants such 
as the Reynolds (Re), Weber (We) and the Ohnesorge (Oh) numbers: 
  = ρ
η
										 = 	ρ	 										
ℎ = 	√ = 	 ηγ (Eq 5.1) 
   
Where ρ (kg m-3) ,η (Pa s), γ (J m-2),  (m s-1) represent the density, viscosity, 
surface tension and velocity of the ink respectively and a (m) the diameter of the 
nozzle opening. As can be deduced from the equations, the Reynolds number is the 
ratio between the inertial and the viscous forces, whereas the Weber number is the 
ratio between the inertial forces and the surface tension. The inverse value of the 
Ohnesorge number is a dimensionless number which is independent of droplet 
velocity. Reis & Derby stipulated that Oh-1 should be between 1 and 10 to achieve 
stable drop formation [1, 3]. At low values of Oh-1, the viscous forces become 
dominant and prevent droplet formation out of the nozzle. At higher values, the 
likelihood of forming secondary satellite droplets accompanying the main droplet 
becomes higher. When these satellite droplets do not merge again with the main 
droplet, a lower printing resolution is obtained, which should be prevented at all 
cost. Nevertheless, systems where Oh-1 is much larger than 10 are also proven to be 
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printable [4-6]. The main factor that appears to affect the printability for these 
systems is the vapor pressure of the used solvent, as unstable droplets were 
produced for solvents with vapor pressures higher than 13.3 kPa [5].  
In Table 5.1, the different fluid characteristics are shown for both the EDTA-TEA 
and EDTA-IDA solution. It can be seen that for both solutions, Oh-1 lays outside of 
the ideal printing range proposed by Reis and Derby [1, 3]. Due to the presence of 
residual isopropanol, the surface tension of the EDTA-TEA solution is remarkably 
lower than for the EDTA-IDA solution. Additionally, the presence of 
triethanolamine gives rise to a higher viscosity. This leads to a much lower Oh-1 
number for the EDTA-TEA solution than for the EDTA-IDA solution. To lower the 
Oh-1 number of the EDTA-IDA ink and thus improve its printability, it was modified 
with 5 volume percent of ethanol. This lowers the surface tension about 20 % and 
increases the viscosity slightly, leading to an Oh-1 number of 16. 
Table 5.1: Fluid characteristics of the STO inks for an orifice of 30 µm. 
Precursor η (mPa s) ρ (kg/m³) γ (J/m²) Re We Oh-1 
EDTA-TEA 2.9 1160 4.57 × 10-2 17.6 1.65 13.8 
EDTA-IDA 2.5 1178 7.27 × 10-2 8.3 0.18 19.9 
EDTA-IDAEtOH 2.8 1165 5.91 × 10-2 22.1 1.92 16 
  
Although the inverse Ohnesorge number is not falling within the proposed range, 
single droplet formation can be observed for the EDTA-TEA solution using an 
appropriate waveform as shown in Figure 5.1. A bipolar waveform with a 
maximum voltage of 17 V, a ramp time of 3 µs and a dwell time of 4.8 µs was used. 
From the jetting analysis, it can be seen that the liquid column formed by actuation 
of the print-head breaks off after 45 µs leading to a single droplet with an 
elongated tail. The tail directly merges with the droplet without the formation of 
satellite droplets, hereby forming a drop of 26 to 27 pL and a velocity of 1.5 m/s.  
When the main droplet is in flight, the second harmonic of the actuating wave is 
observed after 75 µs, which is indicated by an additional ‘drop’ on the position and 
volume chart. This liquid is however not ejected from the nozzle, hereby ensuring 
single drop formation for the EDTA-TEA ink. An additional feature which should be 
kept in mind for ink-jet printing, is the ageing of the solution. If the ageing of the 
ink leads to different rheological characteristics, problems such as satellite droplet 
formation or nozzle blockage can occur, hereby preventing reproducible drop 
ejections  [7]. As can be seen from Figure 5.2, the EDTA-TEA solutions suffers quite 
extensively from this ageing effect. Although the same waveform is used as in 
Figure 5.1, multiple droplets can now be observed in the jetting analysis of the one 
week old EDTA-TEA ink.  
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Figure 5.1: Jetting analysis of EDTA-TEA ink: (a) Vertical displacement of the centre of 
mass (CoM) of the ejected droplet and drop volume chart; (b) drop visualization 
showing the ejection trajectory of the formed drop (v ≈ 1.5 m/s) at various times after 
actuating the piezoelectric print-head (Voltage 17 V – Ramp 3 µs – Dwell 4.8 µs). The 
distance from the nozzle is shown on the left. 
The main droplet is accompanied with a satellite droplet which originates from the 
second harmonic oscillation of the actuation wave. Due to the ageing of the EDTA-
TEA ink, the surface tension has increased from 45.7 mN/m to 50 mN/m, which 
can explain the presence of the satellite formation, as Oh-1 is proportional to the 
ink’s surface tension and thus increases to a value of 14.5. Although single droplet 
formation can again be obtained by lowering the driving voltage and optimizing 
the ramp and dwell times, the rapid ageing of the EDTA-TEA ink makes the 
solution unsuitable for reproducible ink-jet deposition of homogeneous STO films. 
 
Figure 5.2: Drop visualization of aged EDTA-TEA ink showing the ejection trajectory 
of the droplets formed at various times after actuating the piezoelectric print-head. 
The same waveform as in Figure 5.1 was used, which now gives rise to the formation 
of two droplets. The distance from the nozzle is shown on the left. 
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Figure 5.3: Jetting analysis of the pure EDTA-IDA ink: drop visualization showing the 
ejection trajectory of the droplets at various times after actuating the piezoelectric 
print-head (Voltage 15 V – Ramp 4 µs – Dwell 4 µs). Due to their slow speed (v < 0.1 
m/s), multiple drops can be observed in the frame. The distance from the nozzle is 
shown on the left. 
Similar to the EDTA-TEA ink, single droplet formation can be observed for both the 
pure and the ethanol-adapted EDTA-IDA inks using the appropriate waveform 
(Figure 5.3 and Figure 5.5). This is in agreement with the results of Schubert et al., 
as water exhibits a vapor pressure of 3.2 kPa at 25 °C, which is lower than the 
suggested limit of 13.3 kPa [5]. Additionally, shear-thickening effects are likely to 
occur in these solutions, as shown in Figure 5.4 for the ethanol-adapted EDTA-IDA 
ink. As shear rates up to 105 s-1 are reached in the print-head, this leads to an 
increased viscosity of the ink during deposition. At a shear rate of 45000 s-1, the 
viscosity increased to 3.16 cP. Because the viscosity is inversely proportional to 
Oh-1, this shear thickening leads to a decrease in Oh-1 towards the ideal printing 
range. 
 
Figure 5.4: Viscosity of the ethanol-adapted EDTA-IDA ink as function of shear rate. 
Slight shear thickening is observed leading to a viscosity of 3.16 mPa s at a shear rate 
of around 45000 s-1. 
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Figure 5.5: Jetting analysis of ethanol-modified EDTA-IDA ink: (a) Vertical 
displacement of the centre of mass (CoM) of the ejected droplet and drop volume 
chart; (b) drop visualization showing the ejection trajectory of the formed drop 
(v ≈ 1.8 m/s) at various times after actuating the piezoelectric print-head (Voltage 
13 V – Ramp 4 µs – Dwell 4 µs). The distance from the nozzle is shown on the left. 
Despite the small difference in Oh-1 number, large differences can be seen in the 
jetting behavior of the two inks. Due to the high surface tension of the pure EDTA-
IDA ink, wetting of the nozzle is observed. This wetting causes an additional 
resistance for drop formation, leading to droplets with speeds close to zero and 
aberrant trajectories (Figure 5.3). It can be seen that 50 µs after actuating the 
print-head, a droplet is ejected from the nozzle with a volume of 24 pL. The droplet 
has an ejection speed of around 0.6 m/s but remains stationary in flight. Due to 
this low velocity, multiple droplets can be observed in the drop visualization 
analysis. This high resistance for jetting can already be deduced from the very low 
value of the We number, indicating that the generated drop does not have 
sufficient energy to overcome the ejection barrier. After a certain amount of time, 
this phenomenon leads to complete blockage of the nozzle, making the pure EDTA-
IDA ink inadequate for ink-jet printing purposes. 
The addition of 5 volume-percent ethanol lowers the surface tension about 20% 
and slightly increases the viscosity, leading to single droplet formation without any 
wetting of the nozzle. Initially, the liquid coming out of the nozzle forms a liquid 
column (30 µs, Figure 5.5b) which then breaks off from the nozzle leading to a 
droplet with an elongated tail (45 µs). The tail immediately merges with the 
droplet without any sign of satellite droplet formation, leading to a single droplet 
with a volume of around 20 to 24 pL and a velocity ranging from 1.8 to 2 m/s in 
flight. Contradictory to the EDTA-TEA ink, the ethanol-adapted EDTA-IDA ink does 
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not show any severe ageing effects, even several months after synthesis the same 
waveform still yields drops with similar sizes and velocities, indicative of the 
excellent printability of the ink. 
5.1.2 Drop-substrate interaction 
Next to the jetting behavior of the ink, the interaction between the substrate and 
the droplets upon impact plays a critical role in forming a homogeneous and 
continuous coating. Therefore, the wetting behavior of the solution on the selected 
substrate needs to be studied. It is of utmost importance that the ink shows good 
wetting, i.e. relatively low contact angles on the substrate’s surface, meaning that 
the drops spread out easily upon impact and can merge with the neighboring 
droplets to form a continuous coating. In that case, a large variety of drop spacings 
can be used without creating holes in the coating, leading to excellent thickness 
control of the final ceramic thin film. Although the positioning of the droplets for 
full coating purposes is less critical than for printing well-defined patterns, the 
spreading of the droplet and interactions with other droplets and the substrate 
will determine the homogeneity of the coating [2, 7]. 
The behavior of a liquid drop impacting on a solid substrate is controlled by a 
number of physical processes such as inertial, capillary and gravitational forces. 
Similar to the printability of the ink, these physical processes can be described in 
terms of Re, We and Oh numbers. Next to these dimensionless groupings, also the 
contact angle of the droplet on the substrate and its coalescence behavior play an 
important role. The gravitational forces acting on a deposited drop are often 
described by the Bond number (B0): 
  =		  (Eq 5.2) 
   
Where g is the acceleration constant of gravity (9.81 m s-2), ρ the density(kg m-3), γ 
the surface tension (J m-2) and l the diameter of the ejected droplet (m). It is stated 
that gravitational forces can be neglected when the Bond number is significantly 
smaller than 1, hereby meaning that the behavior of the droplet will be governed 
by the inertial and capillary forces [1]. Due to the small dimensions of the droplets 
ejected by piezoelectric printing (l ≈ 40 µm) the Bond number is in the order of 
10-4, meaning that the gravitational forces can be neglected for our systems.   
The behavior upon impact of similar systems with relatively low We (1 < We < 15)  
numbers was studied by Schiaffino and Sonin, who stipulated that the first stages 
upon impact can be divided into two regimes [8]. 
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Figure 5.6: Schematic illustration of droplet spreading upon impact with a solid 
substrate, as presented by Derby et al. The initial impact is followed by a damped  
oscillated motion due to surface tension forces. Subsequently, capillary-driven flow 
leads to an equilibrium state with contact angle θ. Di and Vi are respectively the drop 
diameter and velocity in flight, whereas Dm is the maximum contact diameter 
obtained due to impact of the drop on the substrate [1]. 
Initially, the spreading is impact driven and controlled by inertial forces. In the 
second regime, the spreading becomes independent of the initial droplet velocity 
as capillary forces take over and determine the final contact diameter of the 
droplet. Similar findings were reported by Yarin and Derby, who divided the drop 
impact behavior into different regions [1, 9]. After the short initial impact stage 
which is governed by kinematic characteristics, the spreading becomes impact 
driven, including recoil and oscillation of the deposited drop. In this stage, the 
maximum spreading of the droplet is determined by the droplet’s velocity. When 
the velocity of the droplet is too high, splashing can occur, leading to a strong 
decrease in printing precision [10]. On the other hand, low speeds lead to a large 
recoil of the droplet on the substrate, which can even result in the detachment of 
the drop from the substrate. When the droplet exhibits an intermediate velocity, 
the contact diameter will increase till a certain maximum spreading followed by a 
damped oscillation motion due to surface tension forces [10]. This is followed by a 
capillary driven regime, until the spreading has reached the equilibrium, 
determined by the equilibrium contact angle. The sequence of these processes is 
schematically illustrated in Figure 5.6. 
The final contact diameter dcon of the ejected droplet on the substrate will thus 
depend on its volume and the equilibrium contact angle θ. Several models have 
been proposed in order to theoretically predict the droplet spreading, most of 
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them for droplets exhibiting high Re and We numbers [2]. As these physical 
parameters are relatively low for our inks and bearing in mind that gravitational 
forces can be neglected due to the small drop size, the spread drop shape can be 
considered as a segment of a sphere with [1, 11]: 
 
 =	 8tan 2 (3 + tan 2)
"  
(Eq 5.3) 
   
In which d0 the is the diameter of the drop in flight. For our ethanol-modified 
EDTA-IDA ink, the obtained contact angles on single crystal LaAlO3 and on 
technical Ni-5%W substrates are shown in Table 5.2.  
Table 5.2: Contact angles (CA) and theoretical contact diameters of ethanol-modified 
EDTA-IDA ink on LaAlO3 and Ni-5%W substrates. 
Substrate CA (°) d0 (µm) dcon (µm) 
LaAlO3 12 ± 3.5 35 – 38 102 - 112 
Ni-5%W 21.5 ± 4.2 35 – 38 84 – 91 
 
 
Figure 5.7: Profilometer analysis of the ink-jet printed ethanol-modified EDTA-IDA 
solution on LaAlO3 and Ni-5%W: (a) single droplets on LAO, (b) lines with drop 
spacing of 50µm with varying widths on LAO, (c) single droplets on Ni-5%W, (d) lines 
with drop spacing of 70 µm on Ni-5%W. 
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For the droplets shown in Figure 5.5, the theoretical contact diameter is calculated 
to be respectively 107 and 89 µm for LaAlO3 and Ni-5%W substrates. These 
theoretical findings were experimentally verified by optical profilometry, as shown 
in Figure 5.7. For LaAlO3 substrates, single droplets illustrated that contact 
diameters varying from 110 to 160 µm are obtained, which is even higher than the 
theoretically obtained values. This indicates that the local wetting of small pL – 
sized droplets is at least as good as the wetting of the µL – sized drop used during 
the contact angle measurements. It is observed that the local wetting of the 
droplets is highly dependent on the twin boundaries present at the surface of the 
LaAlO3 substrate, in some cases leading to very low contact angles (3°) and contact 
diameters of 160 µm. In order to obtain homogeneous coatings, the drops need to 
be placed closer together in both x and y direction in such a way that finally full 
substrate coverage is obtained. The spreading of the single drops on LAO ensures 
continuous line formation starting from drop spacings of 0.1 mm, which can be 
expected from the experimental contact diameters. In Figure 5.7b, single lines with 
drop spacings of 0.05 mm are shown. The local wetting phenomena give rise to line 
widths varying from around 110 µm to 200 µm. If the single lines are placed closer 
together, e.g. 0.05 mm, these differences in local wetting and line width are 
neutralized, leading to homogeneous coatings over the entire substrate. In order to 
obtain STO films with thicknesses over 100 nm, drop spacings of 0.05 mm in both x 
and y direction were used, which is clearly below the minimum spacing necessary 
to achieve stable line formation.  
For Ni-5%W substrates, the contact angle is slightly higher than for single crystal 
LAO, leading to smaller contact diameters. The profilometer analysis was 
performed with droplets exhibiting a diameter of 35 µm, for which a theoretical 
contact diameter of 84 µm is obtained. However, similar to LAO substrates, the 
experimental contact diameter is observed to be slightly higher, with contact 
diameters ranging from 85 to 95 µm (Figure 5.7c). As can be seen from Figure 5.7d, 
stable line formation is ensured starting from drop spacings of 0.7 µm, meaning 
that homogeneous coatings on technical substrates can be obtained with the 
printing parameters used for single crystal LaAlO3 substrates.   
5.2  Ink-jet printed SrTiO3 films on LaAlO3 
After obtaining a homogeneous printed coating, this coating can be transformed 
into a biaxially textured STO film by the appropriate thermal processing as 
described in Chapter 4. In view of preserving compatibility with the commonly 
used metallic substrates, a wet Ar/5%H2 atmosphere and a sinter temperature of 
1100 °C was used. No secondary recrystallization of the Ni-5%W substrates occurs 
at this temperature and it has been already successfully used for the growth of 
Gd2Zr2O7 films on Ni-5%W [12, 13].  
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Figure 5.8: XRD analysis of the ink-jet printed SrTiO3 film on LaAlO3 (inset shows 
logarithmic scale; reflections indicated with an * originate from secondary radiation 
of the X-ray tube). 
The XRD pattern of the obtained coatings is shown in Figure 5.8. Strongly (002)-
textured films are obtained without any sign of a randomly oriented texture 
component as indicated by the absence of the (110) reflection, even when viewed 
in logarithmic scale (Inset Figure 5.8). Microstructural analysis by FIB-SEM (Figure 
5.9a) shows that uniform coatings are obtained with a dense and terraced 
topography. As shown in Chapter 4, these terraces are introduced by the addition 
of water vapor to the sintering atmosphere [14]. This mechanism is not yet fully 
understood, but can most likely be attributed to the increased oxygen partial 
pressure in combination with the strong texture [15]. This allows easy growth of 
the nuclei, leading to (00l)-terminated terraces. These terraces could be beneficial 
for further (00l)-oriented YBCO formation, as the nucleation and growth can then 
occur via the ledge-mechanism [16].  
 
Figure 5.9: (a) Topographical SEM image, (b) cross-sectional view and (c) 5x5 µm² 
AFM surface analysis of ink-jet printed STO film on LaAlO3. 
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Figure 5.10: RHEED analysis of an ink-jet printed STO film along <100> and <110> 
direction of the substrate. 
From the cross-sectional view, it can be seen that the fully processed films are 
around 130 nm in thickness without the presence of pores (Figure 5.9b). In the 
AFM surface analysis (Figure 5.9c), these terraces can again be observed and a 
RMS-roughness of 11 to 12 nm is obtained. This value is quite high but mainly 
arises from the height differences between the various flat terraces and is thus not 
considered to be problematic for YBCO growth. 
The RHEED analysis (Figure 5.10) of these STO films shows discrete spots along 
the <100> and <110> directions of the LAO substrate, indicating that these films 
are strongly biaxially textured at the surface. Furthermore, the elongation of the 
spots in the direction perpendicular to the surface indicates a local low surface 
roughness, which can be attributed to the dense and terraced topography of the 
films and hereby confirms the high amount of flat surface area. 
Texture transfer from the 130 nm thick SrTiO3 layer towards the superconducting 
YBCO layer was tested via Pulsed Laser Deposition. The texture analysis of the 
LAO/STOCSD/YBCOPLD architecture is shown in Figure 5.11b and c.  
 
Figure 5.11: (a) Cross-sectional SEM image of LAO/STO/YBCO architecture, (b) XRD 
analysis (Co Kα) of the LAO/STO/YBCO architecture (reflections marked with an * are 
LaAlO3 reflections); (c) (102) pole figure of YBCO film. 
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Clear epitaxial growth was found for the YBa2Cu3O7-δ layer on the STO buffered 
LAO, without any sign of a-axis orientation. The (400) reflection of Y2O3 can also be 
observed. This secondary phase grows epitaxially in the YBCO matrix and is 
believed to be inherent to the PLD-process due to the use of a slightly off-
stoichiometric target or deposition conditions [17]. The φ-scan of the YBa2Cu3O7-δ 
(102) reflections (Figure 5.11c) shows a FWHM-value of 1.3°, which is similar as 
for YBCO films on STO single crystals. In Figure 5.11a, the cross-sectional SEM 
image of the architecture is shown. The terraced structure of the SrTiO3 film is 
clearly preserved after YBCO deposition. The Y2O3 nanoparticles can be found 
throughout the YBCO film. The selected area diffraction pattern of the SrTiO3 film 
according to the <100> zone axis is shown in the inset of Figure 5.12a. It can be 
seen that the film is biaxially textured, without the presence of any polycrystalline 
fraction. Nevertheless, a large amount of stress and dislocations are observed in 
the bright field image (Figure 5.12a), especially in the first 15 nm of the film. 
 
Figure 5.12: (a) Bright field TEM of LAO/STO/YBCO architecture (inset shows 
diffraction pattern of the STO film); (b) HAADF-STEM of large Y2O3 - particle in YBCO 
matrix; (c) HRTEM image showing strain caused by nanoparticle close to STO/YBCO 
interface; (d) average background filtered HRTEM image of STO/YBCO interface. 
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This can be expected as the introduction of strain and dislocations is the main 
mechanism to compensate for the lattice mismatch between SrTiO3 and LaAlO3, 
which is around 3%. Furthermore, there might be an additional influence 
originating from the LaAlO3 twinning due to its phase transition from 
rhombohedral to cubic at 813 K. Due to the presence of small secondary phases in 
the YBCO layer, also large amounts of dislocations and stacking faults are observed 
here. Furthermore, the Moiré-fringes observed in the Y2O3 nano-inclusions confirm 
the presence of an orientation relationship between the particles and the YBCO 
film. These nano-inclusions and the total architecture were further studied with 
HAADF-STEM (Figure 5.12b), which showed that the Y2O3 particles do not nucleate 
directly onto the SrTiO3 surface but grow in-situ during the YBCO growth. This is 
also shown by HRTEM (Figure 5.12c), which further confirms that the Y2O3 grows 
fully (h00)-oriented. Due to the incorporation of these nanoparticles, strained 
regions and dislocations are developed in the YBCO layer, as can be seen in the 
middle region of Figure 5.12c. In Figure 5.12d, the texture transfer from the SrTiO3 
to the YBCO is shown. No interfacial reaction occurs and despite the presence of 
some stacking faults in the YBCO film, the biaxial texture of the STO is successfully 
passed on to the YBCO film. 
The deposited YBCO exhibits critical temperatures Tc,90 ranging from 89 K to 90 K 
with a ΔTc of 2.7 to 0.6 K , indicative of a low variability between different samples. 
The complete architecture yields inductively measured Jc’s of 2.5 to 3.6 MA/cm² in 
self-field at 77 K, indicating excellent texture transfer from the SrTiO3 to the YBCO 
layer. When compared to YBCO deposition on single crystal SrTiO3, where typically 
current densities of more than 4 MA/cm² is measured, the obtained critical current 
densities are only slightly lower for our films which shows the excellent properties 
of these sustainable and ink-jet printed SrTiO3 buffer layers. 
5.3  Conclusion 
SrTiO3 films were successfully synthesized on a single crystal LaAlO3 substrate 
using a DOD piezoelectric ink-jet printing system. The solutions which showed the 
best properties in Chapter 4, i.e. EDTA-TEA and EDTA-IDA, were fully analyzed in 
terms of jetting properties, fluid characteristics and wetting behavior. From this, it 
was clear that only the ethanol-modified EDTA-IDA ink was suitable for ink-jet 
printing purposes. Although the optimized ink showed an Oh-1-number lying 
outside the ideal printing range, single droplet formation was observed, making 
the ink suitable for thin film deposition. The SrTiO3 coatings, obtained in metal-
compatible synthesis conditions, showed a dense and terraced topography in 
combination with an excellent biaxial (00l)-texture from the substrate interface up 
to the surface of the film. These properties allowed YBCO deposition by PLD on top 
of the SrTiO3 films, leading to highly textured YBCO films with critical current 
densities up to 3.6 MA/cm² in self-field at 77 K.  
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5. Chapter 6 
 











In this final chapter, the deposition of the aqueous STO precursor on 
commercially available Ni-5%W substrates is discussed. Starting from 
the thermal processing developed in Chapters 4 and 5, special 
attention was given to the fine-tuning of the heat treatment and the 
optimal processing window for forming highly epitaxial STO films on 
metallic substrates. As the high lattice mismatch can impede epitaxial 
growth, the introduction of seed layers was tested and compared to a 
direct deposition of thicker films on bare substrates. 
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6.1  From single crystal to technical substrates 
As mentioned in chapters 1 and 2, the use of superconducting materials in day-to-
day applications such as windings or conductor cables requires them to be flexible. 
The coated conductor design resolves this issue by depositing thin films of the 
ceramics on flexible metallic substrates. From chapters 4 and 5, an in-depth 
understanding of the precursor chemistry and growth parameters of the SrTiO3 
deposition process was obtained. However, the transfer of a deposition and growth 
process from single crystal LaAlO3 to technical Ni-5%W tapes can be hampered by 
various effects.  
First of all, the wetting behavior of the solutions on both substrates will vary as the 
chemical nature, and hence the surface free energy, is different. Additionally, the 
surface topography of the technical substrates differs strongly from that of a single 
crystal, as the presence of grain boundaries and rolling defects leads to a much 
rougher surface. In chapter 5, we have shown that the wetting behavior of the 
optimized EDTA-IDA precursor solution is indeed slightly worse for the technical 
substrates, however the contact angle of 21° was still low enough to ensure 
homogeneous coatings on Ni-5%W. 
Secondly, technical Ni-5%W substrates exhibit a significantly smaller lattice 
parameter than LaAlO3, which leads to an increase of the SrTiO3 lattice mismatch 
from 3 to 10.5%. It is therefore self-evident that the driving force for 
heterogeneous nucleation will be smaller and can hamper the epitaxial growth 
process. Additionally, the presence of various grains in the technical substrates 
which have a certain misalignment towards each other also leads to additional 
difficulties for depositing highly textured ceramic films. The obtained metal-
compatible thermal process on LaAlO3 from chapters 4 and 5 is a good starting 
point for the growth of STO films on technical substrates, however due to the 
reasons given above, it is likely that slight variations will be required. In this 
chapter the focus lies on optimizing the thermal treatment of the SrTiO3 films for 
growth on technical Ni-5%W substrates.  
6.2  Substrate preparation and film deposition 
Due to the oxidation sensitivity of the metallic substrates, a similar cleaning 
procedure as for the LaAlO3 single crystals used in the previous chapters is 
unsuitable. It was previously reported by Narayanan et al. that the adequate 
cleaning of the substrate consists of a chemical treatment followed by a thermal 
treatment [1]. During the chemical treatment, adsorbed organics and grease 
present from the rolling and storage process are removed, while the thermal 
treatment removes native nickel and tungsten oxides and burns off residual 
organic phases. Here, we used an ultrasonic treatment in acetone for 45 minutes as 
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chemical cleaning step followed by a thermal treatment at 800 °C for 30 minutes in 
Ar/5% H2, as suggested by the substrate supplier (Evico GmbH). The cleaned 
substrates were immediately used for STO deposition without prior storage.  
6.3  Single SrTiO3 coatings on Ni-5%W 
In order to test the transfer of the thermal processing to Ni-5%W substrates, the 
EDTA-IDA solution developed in chapter 4 was deposited by dip-coating. The 
coating speed was initially set to 50 mm/min, leading to films with a thickness of 
around 120 nm. Similar as in chapter 4, the wet films were dried at 60 °C for 30 
min and subsequently thermally processed at 1100 °C in wet Ar/5% H2 with a dew 
point of 23 °C leading to an oxygen partial pressure of 10-14 atm. A slightly higher 
heating rate of 14 °C/min was used instead of the 8 °C/min applied in the previous 
chapters. As explained in Chapter 2, by using higher heating rates, the nucleation 
can be delayed to higher temperatures which in turn lowers the crystallization 
driving force and thus promotes epitaxial growth [2-4]. 
 
Figure 6.1: (a) XRD analysis of films obtained on Ni-5%W substrates at 1100°C in wet 
Ar/5% H2 with a dew point of 23°C (reflections marked with an asterisk originate 
from secondary radiation of the X-ray tube); (b) SEM image showing the surface 
morphology of the obtained films. 
The XRD and topographic analysis of these films is shown in Figure 6.1. Contrary to 
the phase pure and highly epitaxial films obtained on LaAlO3 substrates, the 
formation of SrWO4 and TiO2 is observed, related to the reaction of the deposited 
film with the Ni-5%W substrate at some point during the thermal processing. In 
order to determine the temperature at which the SrTiO3 precursor film reacts with 
the substrate, quench experiments were performed in which the samples were 
rapidly cooled down from various temperatures during thermal processing. From 
the XRD analysis shown in Figure 6.2, it can be seen that starting from 900 °C, both 
SrTiO3 and SrWO4 start to form. However, when the temperature rises, the 
intensity of the SrWO4 reflections increases strongly, whereas only a minor 
amount of SrTiO3 reflections is retrieved.  
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Figure 6.2: XRD analysis of films on Ni-5%W substrates obtained by quenching from 
various temperatures in wet Ar/5% H2 with a dew point of 23°C (reflections marked 
with an asterisk originate from secondary radiation of the X-ray tube). 
At 1100 °C, an additional reflection of TiO2 is observed, indicating that high 
amounts of the available strontium have reacted with the substrate. As the 
formation of SrWO4 starts at the same time as the SrTiO3 formation, it is clear that 
for these processing conditions, SrWO4 is thermodynamically more stable than 
SrTiO3. To determine the processing window of SrTiO3 films on Ni-5%W 
substrates, thermodynamical simulations were performed with FactSage and 
merged with available stability diagrams in literature [5, 6]. In Figure 6.3, the 
stability diagram of the phases relevant for growing STO on Ni-5%W as a function 
of temperature and oxygen partial pressure is shown. From this, we can see that 
the formation of SrTiO3 is thermodynamically stable starting from partial oxygen 
pressures as low as 10-28 atm at 1100 °C. Upon raising the partial oxygen pressure 
at this temperature, the reaction of SrO and W gives rise to SrWO4 starting from 
pO2’s of 10-18 atm and at even higher oxygen pressures of 10-14 atm, the formation 
of SrWO4 is thermodynamically more stable than SrTiO3. This is consistent with the 
experimental data observed in Figure 6.2, and indicates that the oxygen partial 
pressure needs to be finely tuned in order to suppress the formation of strontium 
tungstate. From these simulations, it is clear that the thermodynamically optimal 
process window at 1100°C lies between 10-28 and 10-18 atm, indicated by the 
crosshatched area in Figure 6.3. However, it was shown in Chapter 4 that oxygen 
partial pressures higher than 10-17 atm at 1100 °C were needed for a full 
conversion of the used precursor to phase pure and epitaxial SrTiO3 films without 
the presence of any residual carbon. At oxygen pressures higher than 10-17 atm 
(indicated by the red crosshatched area), SrTiO3 is more thermodynamically stable 
than SrWO4, however, the formation of SrWO4 will be governed by kinetics and the 
availability of titania surrounding the present SrO to form SrTiO3.  
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Figure 6.3: Stability diagram relevant for growing SrTiO3 thin films on Ni-5%W. The 
oxidation reaction products are thermodynamically stable above the corresponding 
line, whereas the reactants are stable below the line. The lines refer to reactions: (1) 
Ni + WO3 + ½ O2 → NiWO4 and Ni-5%W + O2 →  Ni + WO2; (2) SrTiO3 + W + 3/2 O2 → 
SrWO4 + TiO2; (3) SrO + W + 3/2 O2 → SrWO4; (4) SrO + TiO2 → SrTiO3. 
These findings were experimentally verified by lowering the dew point of the 
humid Ar/5% H2 gas, which leads to oxygen pressures lower than 10-14 atm. From 
the XRD analysis shown in Figure 6.4, it can be seen that the experimental results 
are in good agreement with the simulated data in Figure 6.3. Four different 
conditions were applied: dry Ar/5% H2 (4.10-17 atm) and dew points of 0°, 5° and 
10 °C, respectively leading to oxygen partial pressures of 1, 3 and 7.10-15 atm. 
 
Figure 6.4: XRD analysis of STO films grown at 1100 °C under Ar/5% H2 gas at 
different oxygen partial pressures (reflections marked with an asterisk originate 
from secondary radiation of the X-ray tube). 
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In all of these samples, the SrWO4 formation is completely suppressed and SrTiO3 
films are obtained without the presence of any secondary phases. In order to 
quantify the degree of epitaxy, the Lotgering orientation factor f (0 < f < 1) is again 
introduced. As indicated in chapter 3, the Lotgering orientation factor equals 1 
when the film is fully (00l)-textured, whereas a value of 0 is obtained for randomly 
oriented films. For the STO films shown in Figure 6.4 (bottom to top), f equals 0.51, 
0.56, 0.86 and 0.22 respectively, indicating that 5 °C is the optimal dew point of the 
humid forming gas for the growth of STO thin films on Ni-5%W substrates. The 
topographical analysis of the films grown at these various oxygen partial pressures 
is shown in Figure 6.5.  
 
Figure 6.5: Topographical SEM analysis of STO films grown at 1100 °C under (a) dry 
Ar/5% H2, (b) humid Ar/5% H2 with a dew point of 0 °C and (c) humid Ar/5% H2 with 
a dew point of 5 °C. (d) Cross-sectional SEM analysis of the STO film grown under 
humid Ar/5% H2 with a dew point of 5 °C. 
All these films show a very rough and porous morphology, with a more island-like 
growth rather than the formation of a dense and continuous layer. Additionally, it 
can be observed that the dewetting of the layer into worm-like islands is more 
pronounced for films with higher Lotgering factors, i.e. better textured films. 
Similar observations have already been made by Coll et al. for the growth of thin 
(<150 nm) YBCO films [7]. Due to the hetero-epitaxial nature of these thin films, 
they are known to exhibit instabilities when their lattice misfit towards the 
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substrate is high [2]. Due to the misfit, elastic strain energy and dislocations are 
accumulated at the interface, giving rise to a relatively large semi-coherent 
interfacial energy between the film and the substrate. By the formation of islands, 
the interfacial area decreases which in turn releases the strain energy, making the 
formation of a discontinuous film thermodynamically stable over the formation of 
a continuous film [2, 7]. As the mismatch of SrTiO3 and Ni-5%W is around 10%, an 
increase in epitaxial texture of the SrTiO3 will require a higher amount of elastic 
strain energy and thus a larger amount of dewetted area. Next to the 
thermodynamic point of view, the dewetting of hetero-epitaxial films can be 
hindered by kinetics. Therefore, an increase in thickness as well as reducing the 
crystallization time or temperature, can prevent the dewetting process and ensure 
the formation of a continuous film.  
However, from the XRD and SEM analysis shown in Figure 6.6, it can be seen that 
neither an increase in thickness or reduction in sintering temperature gave rise to 
continuous and well-textured films. Again, this can be attributed to the large lattice 
mismatch of SrTiO3 and Ni-5%W, as reducing the growth temperature decreases 
the driving force for heterogeneous nucleation, leading to weakly textured films. 
Similarly, increasing the thickness raises the possibility of homogeneous 
nucleation in the bulk of the film (cfr. Chapter 2 and 3), hereby hindering epitaxial 
growth. In order to overcome the large mismatch and obtain well-textured thick 
films, thin films in island-growth mode can be synthesized on top of the Ni-5%W 
substrate which subsequently act as homo-epitaxial nucleation seeds during the 
growth of thicker films [2, 8, 9]. 
 
Figure 6.6: Topographical SEM analysis of (a) STO thin film (50 mm/min) grown at 
1000°C, (b) thicker STO film (100 mm/min) grown at 1100°C. (c) XRD analysis of films 
shown in (a) and (b). 
6.4  SrTiO3 seed layers 
For the growth of thin SrTiO3 seed layers, the EDTA-IDA solution was diluted with 
water to a concentration of 0.06 M. As can be understood from the previous 
paragraph, the morphology of the island-mode seed layers is highly sensitive to 
both the deposition and processing parameters. It was shown in paragraph 6.3, 
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that oriented STO layers/islands with an orientation factor of 0.86 can be obtained 
by sintering at 1100 °C and an oxygen partial pressure of 3.10-15 atm. However, the 
seed layers need to be fully (00l)-oriented in order to allow the homo-epitaxial 
(00l)-growth of the subsequent STO layers. Therefore, an improvement in terms of 
texture needs to be achieved. 
Thickness 
As shown by Zhu et al., the thickness of the STO seed layer has a large influence on 
the orientation of the subsequent thicker layers [10]. Here, the thickness of the 
seed layers was varied by changing the dip-coat speed between 50 and 150 
mm/min. The as-coated films were dried at 60 °C for 30 min and heat-treated 
according to the process described in paragraph 6.3. The XRD and topographical 
analysis of the obtained seed layers is shown in Figure 6.7. 
 
Figure 6.7: Topographical SEM analysis of STO seeds grown at 1100 °C obtained via 
dip-coating with speeds of (a) 50 mm/min (Inset: (00l)-oriented crystal), (b) 80 
mm/min, (c) 110 mm/min and (d) 150 mm/min. (e) XRD analysis of STO seeds shown 
in (a)-(d) (reflections indicated with * originate from secondary radiation of the X-ray 
tube). 
From SEM analysis, it is clear that the size of the seeds grows by increasing the dip-
coating speed, as speeds of 50 and 150 mm/min respectively lead to an average 
crystallite size of 77 and 92 nm. This could be expected as more material is 
deposited when the substrate is removed faster from the solution. The seeds 
exhibiting a relatively ‘dark’ surface and sharp edge (Inset Figure 6.7a) can be 
assigned as (00l)-oriented crystals due to the topographic contrast obtained in 
SEM. It can be seen that in all seed layers, a high amount of randomly oriented 
material is still present. This is confirmed by XRD, as the (110) reflection is always 
present in the diffractogram. Due to the presence of the WLα reflection of Ni-5%W 
6.4 SrTiO3 seed layers 103 
 
(200) at 46.3°, the (002) reflection of STO at 46.48° is only visible as a shoulder of 
the secondary radiation. Nevertheless, it can be seen that the intensity of the (002) 
reflection rises with increasing thickness, which can also be attributed to the 
higher amount of diffracting material. Combining the XRD and SEM analysis, it can 
be concluded that a dip-coating speed of 80 mm/min gives the best result for 
growing STO seeds as a large seed density is obtained with a minor amount of 
(110)-oriented phase. Nevertheless, the thermal processing should be adapted in 
order to generate fully (00l)-oriented seed layers. 
Heating rate 
From a thermodynamical perspective of epitaxial nucleation and growth, fast 
heating to the sintering temperature is favorable for obtaining strongly textured 
films.  As a heating rate of 14 °C/min is the maximum rate our tube furnace can 
generate at temperatures above 1000 °C, other procedures have to be followed in 
order to obtain high heating rates with a conventional tube furnace. We have 
performed experiments where either the quartz work tube or the sample itself are 
inserted directly into a preheated furnace. In this way, average heating rates of 
respectively 100 °C/min and 100 °C/s are obtained. The XRD-analysis in Figure 6.8 
shows that increasing the heating rate to 100°C/min indeed leads to highly (00l)-
oriented seeds. However, a further increase by direct insertion of the sample at 
1100 °C leads to a strong deterioration of the texture, which can probably be 
attributed to inadequate drying of the as-coated film at 60°C and subsequent flash 
decomposition of the present organics. 
 
Figure 6.8: (a) Topographical SEM analysis of seed layer heated at 100 °C/min to 
1100 °C, (b) XRD analysis of STO seed layers grown with heating rates of 14 °C/min, 
100 °C/min and 100 °C/s. 
The SEM analysis shown in Figure 6.8a, is again in good agreement with the XRD 
analysis, as it shows a higher amount of (00l)-oriented seeds compared to the seed 
layer grown with a heating rate of 14 °C/min (Figure 6.7b). 
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Drying process 
For water-based CeO2 systems, Van de Velde et al. showed that the drying process 
applied to the as-coated films can have an effect on the nucleation and growth of 
oriented layers due to the formation of metal-oxygen networks during drying [11]. 
For these systems, the best results were obtained by an infrared-assisted drying 
process at temperatures up to 225 °C. In this work, the as-coated layers were dried 
with infrared radiation at 90, 120 and 200 °C for 10 minutes and subsequently 
heated with 100 °C/min to 1100°C for 2 hours under humid Ar/5% H2 with a dew 
point of 5 °C.  
 
Figure 6.9: (a-c) Topographical SEM analysis of STO seed layers dried at respectively 
90, 120 and 200 °C by infrared radiation and sintered at 1100 °C. (d) XRD analysis of 
the seeds shown in  a, b and c. 
Large differences in texture and morphology are obtained upon increasing the 
drying temperature. From the XRD analysis, it can be seen that the (110) reflection 
diminishes completely in the films dried at 120 °C, while the intensity of the (002) 
reflection reaches its maximum. This is also confirmed by the microstructural 
analysis of the films dried at 120 °C which only show (00l)-oriented STO crystals, 
indicating that these seeds are a nearly perfect template for the further growth of 
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SrTiO3 films. However, despite the positive influence on the texture and 
morphology of the obtained seed layers, the reproducibility of this drying 
procedure was observed to be insufficient as only 5 to 10 % of the attempts led to 
highly oriented seeds. This can most likely be attributed to the fluctuating 
humidity conditions in the coating facility, with a relative humidity varying from 
10 to 60% over the year. The IR-lamps used in this work emit infrared light in the 
mid-IR region with the highest intensity between 2000-3500 cm-1. Because water 
absorbs strongly in this region, mid-IR light is well suited for drying of water-
based solutions. However, if the relative humidity increases, a substantial amount 
of the infrared radiation can already be absorbed before reaching the film surface, 
which clearly has an influence on the drying behavior of the wet film and the 
obtained properties, as shown in Figure 6.10. 
 
Figure 6.10: (a-b) Topographical SEM analysis and (c) XRD analysis of different seed 
layer batches shown in a, b and Figure 6.9b, dried at 120 °C by infrared radiation and 
sintered at 1100 °C in humid Ar/5% H2 with a dew point of 5 °C. 
Instead of the relatively large (00l)-oriented seed crystals shown in Figure 6.9b, 
high amounts of small randomly oriented seeds are now visible in the 
topographical SEM analysis. This is confirmed by XRD, in which occasionally lower 
(002) intensities or a high amount of (110)-oriented phase can be found. When 
switching to conventional hotplate drying, the microstructural properties and the 
obtained texture were similar to the results obtained via IR-assisted drying (Figure 
6.11). The (110) reflection again fades into the noise of the diffractogram and a 
high amount of (00l)-oriented seed crystals which can serve as excellent nuclei for 
the growth of subsequent STO films are observed in the topographical SEM image. 
Additionally, the obtained results in terms of texture appear to be more consistent 
as the generated heat is independent of the ambient conditions of the coating 
facility.  
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Figure 6.11: (a) Topographical SEM analysis of STO seed layers dried at 120 °C on a 
hot plate and sintered at 1100 °C with a dew point of 5 °C. (b) XRD analysis of STO 
seed layers hot plate dried at 120 °C, 90 °C and 60 °C. 
Heat treatment temperature and dew point 
In literature, titanate seed layers on technical substrates are generally grown at 
temperatures ranging from 1000 to 1100 °C [9, 12]. Although opinions vary on the 
matter, a heat treatment temperature of 1100 °C is sometimes regarded to be 
undesirable for buffer layer deposition due to chemical or microstructural 
instability of the Ni-5%W substrate at these high temperatures [13]. It should 
however be noted that problems regarding oxidation or abnormal microstructure 
development are not observed with the heat treatments performed above, 
although the lack of complete reproducibility remains an issue.  
 
Figure 6.12: Topographical SEM analysis of STO seed layers dried at 120 °C on a hot 
plate and sintered at (a) 1100 °C, dew point 5 °C; (b) 1100 °C, dew point 10 °C; (c) 
1050 °C, dew point 5 °C and (d) 1050 °C, dew point 10 °C. (e) XRD analysis of the seed 
layers shown in (a) to (d). 
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We tested whether lowering the heat treatment temperature to 1050 °C still yields 
highly epitaxial seed crystals, as lowering the temperature induces a reduction in 
processing costs and limits diffusion of elements from the substrate. Additionally, 
the influence of a dew point increase to 10° was investigated. The seed layers 
grown at 1100 °C and a dew point of 10 °C (Figure 6.12b) deviate strongly from the 
other seed layers in terms of both texture and morphology. Nevertheless, these 
conditions occasionally gave rise to highly textured seed layers, revealing the 
irreproducibility of these growth conditions. Due to the high temperature and 
relatively high oxygen pressure, this growth process is situated close to the edge of 
the SrTiO3 processing window, which is believed to cause the irreproducible 
results. From SEM analysis, it can be seen that the size of the seed crystals 
increases slightly with temperature and more extensively with the dew point, 
which can be attributed to higher growth rates and mobility at higher 
temperatures or higher oxygen partial pressures. As a consequence of the larger 
crystallite size, a lower overall density of seed crystals is obtained, which leads to a 
decreased number of nucleation centers for the subsequent film growth. We can 
conclude that excellent STO seed layers are obtained by drying the as-coated films 
at 120 °C and fast heating (100 °C/min) to a temperature of 1050 - 1100 °C under a 
humid Ar/5% H2 atmosphere with a dew point of 5 °C. 
6.5  SrTiO3 seeded growth 
For the deposition of the STO films on the highly oriented seed layers, the heat 
treatment was slightly adjusted. As homo-epitaxy generally allows a reduction in 
temperature of around 50 – 100 °C, the sintering temperature was reduced to 
1050 °C. On the other hand, the heating ramp was increased to 20 °C/min, as 
higher heating rates are believed to be beneficial for heterogeneous nucleation. 
Although the seeds described above showed a strong preferential (00l)-
orientation, initial STO growth was tested on the seed layers grown at 1050 °C and 
a dew point of 5 °C as these show the highest seed density, i.e. the highest amount 
of nucleation centers.  
Similar as for the seed layers, we studied the influence of the drying step on the 
properties of the thin films. However, when the drying temperature was increased 
to temperatures higher than 90 °C, the gas release was too intense leading to 
macroscopic porosity and inhomogeneity in the films. In Figure 6.13, the 
microstructure and XRD analysis of seeded STO films dried at 60 °C and 85 °C are 
shown. A similar microstructure is obtained for both films, from which it can be 
seen that the large, flat grains started growing from the seed crystals whereas the 
smaller grains probably nucleated in the bulk of the layer and exhibit a random 
orientation. For the films dried at 85 °C, the mean grain size is larger and an 
improvement in (00l)-texture is obtained with an orientation factor increase from 
0.83 to 0.90 compared to the films dried at 60 °C. This trend is similar to the one 
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observed for the seed layers in paragraph 6.4. Although the surface coverage of the 
Ni-5%W substrate is improved by the seeded growth, still some dewetted area can 
be seen in the topographical analysis. Similar to the films grown directly on Ni-
5%W, the amount of uncovered surface increases proportionally with the 
preferred orientation of the films. As the seeded approach does not result in 
complete layer formation, the presence of initial porosity in the precursor film 
could additionally contribute to the dewetting process [14].  
 
Figure 6.13: (a,c) Topographical SEM analysis of seeded STO films dried at 
respectively 60 °C and 85 °C and grown at 1050 °C under humid Ar/5% H2 with a dew 
point of 5 °C. (b) Cross-sectional SEM analysis of the film shown in a. (d) XRD analysis 
of films shown in a and c. 
To circumvent these problems, they can be addressed on either the seed level or at 
the full coating level. In the latter case, a multiple deposition process can be 
applied in order to overgrow the remaining uncovered area by additional layers. 
As the final goal is to obtain a thickness of 200 - 250 nm, which is believed to be 
sufficient to act as an oxygen and nickel barrier, the multiple deposition of both 50 
and 100 nm thick films is tested. When decreasing the film thickness, possible 
porosity effects can be suppressed by the reduced gas release. Additionally, a 
beneficial effect in terms of texture can be expected as thinner films are less prone 
to homogeneous nucleation events at the surface or in the bulk of the film. Another 
possibility to tackle the surface coverage issues consists of increasing the density 
of the seed crystals, hereby leaving smaller areas in between the seeds to be 
overgrown by the subsequent layer. 
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Figure 6.14: (a-c) Topographical and cross-sectional SEM analysis of double 100 nm 
STO layer dried at 85 °C and sintered at 1050 °C under humid Ar/5% H2 with a dew 
point of 5 °C. (d) XRD analysis of STO film after first (bottom) and second (top) 
deposition. 
The results for a double 100 nm thick STO deposition at 1050 °C are shown in 
Figure 6.14. As expected, only a minor amount of uncovered surface area remains 
present. Some of the initial porosity is overgrown by the second deposition step 
and the orientation factor slightly improved to 0.91. However, a very large surface 
roughness can be observed from the SEM images, which can attributed to the 
presence of smaller, randomly oriented grains on the surface of the film. The most 
remarkable feature of the random orientation component is the relatively high 
intensity of the (111) reflection compared to the thermodynamically stable (110)-
oriented phase. In a powder spectrum, the intensity of this reflection is three times 
smaller than the (110) reflection whereas in our STO films it is even slightly higher, 
indicating that there is some preferential (111) nucleation in either the seed or the 
final film. 
The multiple deposition of thinner (about 50 nm) STO films was expected to be 
beneficial in terms of texture, however the experimental results did not show any 
improvement compared to the deposition of 100 nm thick STO films (f = 0.84). 
Similar to the thicker films, the (111) reflection is the largest secondary 
orientation. After two deposition steps, a mixture of large and small grains is again 
observed, but the smaller grains are now homogeneously embedded between the 
larger grains (Figure 6.15). 
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Figure 6.15: (a) Topographical and (b) cross-sectional SEM analysis of a double 50 nm 
thick STO layer dried at 60 °C and sintered at 1050 °C under humid Ar/5% H2 with a 
dew point of 5 °C. 
Although the seeded growth approach gives rise to a large fraction of flat and (00l)-
oriented grains, the fraction of (110)- and (111)-oriented material is still quite 
high, being 10 to 15%. In order to reduce these random orientation components, 
the seed density needs to be optimized and the possible presence of (111)-oriented 
seeds should be avoided. Generally, the seed density can be enhanced by 
increasing the thickness of the deposited film. However, as shown in paragraph 
6.4, the texture decreases when the seed thickness increases. To tackle this 
problem, a double seed deposition was tested, which would allow the existing 
(00l)-seeds to grow or convert badly oriented seeds into the right orientation. Next 
to this, also new seed crystals can be formed, hereby increasing the overall density.  
 
Figure 6.16: XRD analysis of single (bottom) and double (top) STO seed layer dried at 
120 °C and sintered at 1050 °C under humid Ar/5% H2 with a dew point of 5 °C. 
Due to the higher amount of deposited material, the undesired (110) and (111) 
orientation components can be more easily detected via XRD. After a double seed 
deposition at 1050 °C and a dew point of 5 °C, the presence of a (111)-oriented 
phase is observed (Figure 6.16).  
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Figure 6.17: Topographical SEM analysis of double STO seed layers grown at 1050 °C 
under humid Ar/5% H2 with a dew point of 5 °C. The top picture shows an overview of 
multiple Ni-5%W grains exhibiting slightly different orientations. The seed crystals 
obtained in the areas marked by the red rectangles are shown in the other images. 
Different orientation and crystallite sizes are obtained depending on the orientation 
of the underlying Ni-5%W grain. 
This indicates that (111)-oriented seeds are already formed during the first seed 
deposition which then grow further during subsequent depositions. Although the 
intensity of this reflection is small in comparison with the (002) reflection, the 
presence of (111)-oriented seeds will lead to grains with a similar orientation in 
the films deposited on top of the seed layer, as shown in Figure 6.14 and Figure 
6.15. Strikingly, the presence of the (111)-oriented seeds seems to be strongly 
dependent on the tilt of the underlying Ni-5%W grains towards the overall metal 
tape surface. In Figure 6.17, a low magnification overview of a seeded Ni-5%W 
substrate is shown. The obtained grain contrast is built up from a difference in 
backscattered electron channeling effects, which is dependent on the orientation of 
the material with respect to the incident electron beam [15-17]. In general, the 
different grains are fully (00l)-cube textured, but they can be slightly tilted (<10°) 
with respect to the tape’s surface, which is subsequently accompanied by the 
presence of ledges or defects at the grain’s surface. Upon comparison of the seeds 
grown on a bright and a darker grain, it can be seen that the bright grains generate 
a large amount of (00l)-oriented STO seeds, whereas the darker ones give rise to a 
mixture of both (00l)-oriented and (111)-oriented crystals. Therefore it is clear 
that the polycrystallinity of the metal tape and the tilt of the different cube 
textured grains strongly influences the nucleation behavior of the seed layers. 
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Additional research via EBSD will need to be performed to exactly pinpoint the 
correlation between the texture of the STO seeds and the tilt of the underlying Ni-
5%W grain. Unfortunately, up to now no (reproducible) solution has been found 
for this nucleation behavior, as increasing the dew point or temperature did not 
consistently eliminate the presence of (111)-oriented seed crystals. The best 
results were obtained with a double seed deposition using a dew point of 10 °C and 
a growth temperature of respectively 1050 and 1100 °C during the first and 
second seed layer deposition (Figure 6.18). These seeds allowed the growth of a 
double 100 nm thick STO film with an orientation factor of 0.95, which comes close 
to the highest value obtained in literature for homo-epitaxial growth of SrTiO3 thin 
films on Ni-based substrates [8]. The surface morphology of these films however 
remains very rough, and still some smaller, probably randomly oriented, grains 
can be found at the surface. From this, it is clear that additional research towards a 
reproducible heat treatment for both the seed layers and the final layers needs to 
be performed in order to obtain a suitable SrTiO3 buffer stack. 
 
Figure 6.18: (a,b) Topographical and cross-sectional SEM analysis of a 2x 100 nm STO 
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6.6  Conclusion 
A processing window for the deposition of SrTiO3 films on Ni-5%W substrates was 
developed by combining theoretical and experimental data. The upper limit of the 
oxygen partial pressure was determined to be 10-14 atm, as higher oxygen levels 
lead to the formation of SrWO4 as a result of the reactivity of tungsten with SrTiO3. 
On the other hand, when the oxygen pressure was lower than 10-17 atm, a low 
crystallinity of the SrTiO3 film was observed, similar to the films obtained on single 
crystal LaAlO3 in chapter 4. The optimum oxygen partial pressure for the growth of 
(00l)-oriented films was found to be in the order of 10-15 atm. However, when 
depositing 100 nm thick coatings on bare Ni-5%W substrates, dewetting of the film 
into worm-like islands is observed. This behavior is believed to be a result of a 
strain-relief mechanism to accommodate for the high lattice mismatch of SrTiO3 
with Ni-5%W in combination with the presence of initial porosity in the precursor 
film. Although the deposition of seed layers led to a strong improvement in terms 
of substrate coverage and (00l)-cube texture, rough STO films were obtained due 
to the presence of smaller grains on the film’s surface. Additionally, the 
introduction of seed layers also entailed problems regarding reproducibility and 
induced a relatively high amount of (111)-oriented seeds, which are believed to be 
originating from the polycrystalline nature of the Ni-5%W substrate. As the seeded 
growth clearly allows the epitaxial texture transfer, these orientation and 
reproducibility issues should be fully resolved prior to proceeding with thicker 
coatings. Further research will be required to obtain seed layers without a (111) 
texture component, which is required to realize the growth of fully (00l)-oriented 
SrTiO3 films on Ni-5%W substrates. 
 
114 SrTiO3 thin films on metallic substrates 
 
6.7  References 
1. Narayanan, V.; Bruneel E.; Huhne R.; Van Driessche I., Nanomaterials, 2012, 2, (3), 
251-267. 
2. Lange, F., Epitaxial Films. Schneller T, Waser R, Kosec M, Payne D, editors. Chemical 
Solution Deposition of Functional Oxide Thin Films, Springer Vienna, 2013, 383-405. 
3. Schwartz, R.; Narayanan M., Thermodynamics and Heating Processes. Schneller T, 
Waser R, Kosec M, Payne D, editors. Chemical Solution Deposition of Functional 
Oxide Thin Films, Springer Vienna, 2013, 343-382. 
4. Bhuiyan, M. S.; Paranthaman M.; Salama K., Superconductor Science and Technology, 
2006, 19, (2), R1. 
5. Zhao, Y.; Grivel J. C.; Liu M.; Suo H. L., Crystengcomm, 2012, 14, (9), 3089-3095. 
6. Venkataraman, K.; Hellstrom E., J. Mater. Res., 2009, 24, (4), 1567-1575. 
7. Coll, M.; Gazquez J.; Pomar A.; Puig T.; Sandiumenge F.; Obradors X., Phys. Rev. B, 
2006, 73, (7), 075420. 
8. Dawley, J. T.; Ong R. J.; Clem P. G., J. Mater. Res., 2002, 17, (7), 1678-1685. 
9. Kunert, J.; Backer M.; Brunkahl O.; Wesolowski D.; Edney C.; Clem P.; Thomas N.; 
Liersch A., Supercond. Sci. Technol., 2011, 24, (8), 085018. 
10. Zhu, X. B.; Chen L.; Liu S. M.; Song W. H.; Sun Y. P.; Shi K.; Sun Z. Y.; Chen S.; Han Z., 
Physica C-Superconductivity and Its Applications, 2004, 415, (1-2), 57-61. 
11. Van de Velde, N.; Bruggeman T.; Stove L.; Pollefeyt G.; Brunkahl O.; Van Driessche I., 
Eur. J. Inorg. Chem., 2012, (8), 1186-1194. 
12. Clem, P. G.; Dawley J. T.; Siegal M. P.; Overmyer D. L.; Richardson J. J.; Voigt J. A.; 
Holesinger T. A., Int. J. Appl. Ceram. Technol., 2005, 2, (1), 24-32. 
13. Soubeyroux, J. L.; Petit S.; Mikolajczyk M.; Muguerra H.; Pairis S.; Odier P., IEEE 
Trans. Appl. Supercond., 2013, 23, (3), 7501004. 
14. Lange, F. F., Science, 1996, 273, (5277), 903-909. 
15. Canovic, S.; Jonsson T.; Halvarsson M., Grain contrast imaging in FIB and SEM. 
Baker RT, Mobus G, Brown PD, editors. Emag: Electron Microscopy and Analysis 
Group Conference 2007, Iop Publishing Ltd, 2008. 
16. Mikmekova, S.; Hovorka M.; Mullerova I.; Man O.; Pantelejev L.; Frank L., Mater. 
Trans., 2010, 51, (2), 292-296. 
17. Newbury, D.; Joy D.; Echlin P.; Fiori C.; Goldstein J., Electron Channeling Contrast in 
the SEM.  Advanced Scanning Electron Microscopy and X-Ray Microanalysis, Springer 
US, 1986, 87-145. 
 
 
Concluding remarks and outlook 
The extraordinary characteristics of superconductors such as the ability to conduct 
electricity without any resistance and to expel an external magnetic field below a 
critical temperature opens up doors towards applications in both magnetic and 
electrical energy systems. However, in order to achieve broad distribution of 
YBa2Cu3O7-δ (YBCO) coated conductors throughout the energy market, a reduction 
in production costs is still required. Through the introduction of chemical 
solution processing methods (CSD) for the growth of both the buffer and 
superconducting layers, the price-performance ratio strongly decreased during the 
last two decades. Although industry is now on the verge of delivering long length 
coated conductors at acceptable costs, a further reduction is desirable for a full 
commercial breakthrough of these materials. In this research, efforts were made to 
simplify the coated conductor design and making it more robust by addressing 
some of the current drawbacks of the buffer architecture. For solution-based 
coated conductors, the state-of-the-art process uses a double layer architecture of 
La2Zr2O7 (LZO) and CeO2. The main problem of this buffer stack is the residual 
nano-porosity in the LZO layer and the reactivity of the CeO2 top layer with YBCO, 
leading to the formation of an undesired secondary phase at the CeO2/YBCO 
interface. Due to the nanovoid formation, oxygen and nickel diffusion are 
facilitated which can lead to a delamination of the thin film architecture or a 
poisoning of the superconductor. The goal of this work was twofold: First, 
alternative buffer materials such as YBiO3 and SrTiO3 were studied, as they 
potentially meet the requirements for replacing the double buffer layer stack by a 
single buffer material. Next to addressing the problems on the materials level, an 
innovative and sustainable deposition process was developed. An ecological 
water-based solution approach in combination with scalable techniques such 
as dip-coating and ink-jet printing was used for depositing the alternative 
buffer layers, potentially leading to the production of coated conductors at 
competitive prices.  
Generally, aqueous chemical solution deposition is hindered by the hydrolysis 
sensitivity of metals and its fluid characteristics, e.g. high surface tension and low 
viscosity. Therefore, special attention was given to the stability and wetting 
behavior of the YBiO3 and SrTiO3 precursor solutions. To avoid precipitation, 
metal-chelate chemistry was used in which water-soluble metal-precursors were 
combined with chelating agents to provide precursor solutions with a long shelf-
life.  
The deposition of YBiO3 buffer layers is discussed in Chapter 3. Here, a novel 
aqueous solution was synthesized starting from yttrium-acetate, bismuth-citrate 
and triethanolamine as additional alkali and chelating agent. In literature, the 
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growth of YBiO3 is only reported in pure oxygen, which is not compatible with the 
commonly used Ni-5%W substrates in the coated conductor design. Accordingly, 
the conversion of the precursor solution to YBiO3 was studied in atmospheres 
containing different oxygen partial pressures in order to set up a suitable 
processing window for epitaxial thin film growth. YBiO3 formation was only 
achieved in air and argon atmospheres, as reducing atmospheres gave rise to the 
reduction of bismuth oxide to elemental bismuth. Although this implied that YBiO3 
is not suited for single buffer layer architectures, the ability of synthesizing in 
argon made it a potential competitor for ceria in the currently used designs. As 
proof of concept, YBiO3 thin film growth was studied on single crystal LaAlO3 (00l) 
substrates. The introduction of water vapor and a limitation of the growth 
temperature during the heat treatment appeared to be essential for obtaining 
single phase and crystalline YBiO3 thin films. The maximum thickness for 
generating a biaxial texture component at the surface was determined to be 40 to 
50 nm. These films exhibited excellent properties with an in-plane and out-of-
plane misorientation lower than 0.7° and a surface roughness below 2 nm.  
In a second part of this chapter, the texture transferring properties of the YBiO3 
template were studied by YBCO deposition via both vacuum-based (PLD) and 
solution-based (TFA-MOD) methods. In both cases, good superconducting 
properties were obtained with critical current densities of respectively 3.6 and 
1.2 MA/cm². An elaborate electron microscopy study of these architectures 
however revealed the instability of the YBiO3 buffer layer during YBCO deposition. 
For vacuum deposited YBCO, a decomposition of YBiO3 to its single metal oxides is 
observed. Due to the high temperatures and low pressures, Bi2O3 subsequently 
sublimates out of the architecture, leaving a well-textured but inhomogeneous 
yttrium oxide layer which serves as growth template for YBCO. For the fluorine-
based YBCO deposition, a lack of chemical inertness of the YBiO3 buffer layer is 
observed. This leads to large grains of YBa2BiO6 which disturb a proper 
microstructure and texture development of the YBCO film. At higher YBCO growth 
temperatures, the secondary phase completely decomposes, again followed by the 
sublimation of bismuth oxide. The good superconducting properties obtained at 
these high growth temperatures could hence be attributed to the direct nucleation 
and growth of YBCO on the single crystal surface. Unfortunately these results imply 
that YBiO3 is not a viable alternative for the currently used LZO/CeO2 buffer 
architecture. 
In Chapter 4, the challenging precursor chemistry of the SrTiO3 buffer systems is 
explored. Aqueous chemical solution deposition of titanate-based materials 
generally suffers from the extremely high hydrolysis sensitivity of Ti4+. Via the 
metal-chelate route, various water-based solutions were synthesized based on 
different chelating agents such as iminodiacetic acid, triethanolamine and 
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ethylendiaminetetra-acetic acid. These complexing agents prevent the metal-ions 
from hydrolyzing, which leads to stable aqueous precursor solutions. From 
conventional solvent-based solution deposition of titanates, it is already known 
that the addition of chelating agents has a strong influence on the properties of the 
obtained films. As multiple chelating agents are used in our aqueous approach, we 
were able to link the presence or absence of different metal-chelates to the final 
properties of SrTiO3 thin films. The composition of the precursor solution had a 
strong influence on the growth process of SrTiO3 films on LAO substrates. More 
specifically, a thorough spectroscopic analysis of the precursor solutions revealed 
that high quality films are only obtained when Sr2+ is stabilized by a chelating 
agent, which is solely possible by the addition of EDTA. In case Sr2+ remained as 
free ions distributed in the solution, SrO phase segregation was observed, leading 
to the formation of micron-sized crystals at the surface of the STO films during 
processing in humid conditions. The introduction of water vapor to the heat 
treatment atmosphere was required in order to reduce the residual carbon 
content, which occasionally impeded film crystallization in dry processing 
conditions. Additionally, the introduction of water vapor lead to high quality 
epitaxial SrTiO3 thin films, exhibiting a dense and (00l)-terraced microstructure. 
The SrTiO3 precursor solutions which allowed the growth of films with excellent 
properties were analyzed in terms of printing behavior in Chapter 5, using a drop-
on-demand piezoelectric ink-jet printing system with a 30 µm nozzle. For an ink to 
be ink-jet compatible, not only its drop formation from the nozzle opening needs to 
be adequate, also the wetting behavior of the generated droplets onto the 
substrate of choice needs to allow drop coalescence to form a homogeneous 
coating. It was observed that only one of the developed solutions exhibited stable 
fluid characteristics as a function of time, making it potentially suited for ink-jet 
deposition. However, due to the high surface tension of this aqueous precursor 
solution, a modification with ethanol was necessary to allow stable and 
reproducible jetting behavior. Although in literature typically a range of  
1 < Oh-1 < 10 is used to determine the printability of a solution, our ink exhibiting 
an Oh-1-number of 16 showed single droplet formation upon using the appropriate 
waveform to actuate the piezoelectric print-head. The generated droplets 
exhibited a volume ranging from 20 – 24 pL and a velocity of 1.8 to 2 m/s. The 
wetting behavior of the ink was studied with contact angle measurements as well 
as post-deposition optical profilometry, both confirming contact angles below 25° 
on either single crystal LaAlO3 or technical Ni-5%W substrates. Given the excellent 
jettability and the appropriate wetting behavior, our newly developed aqueous 
precursor solution was determined to be fully suitable for ink-jet printing 
purposes. As proof of concept, SrTiO3 films were printed on single crystal LaAlO3 
and heat treated at 1100 °C under a humid Ar/5% H2 atmosphere. A dense and 
terraced topography was obtained which exhibited an excellent biaxial cube 
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texture from the substrate interface up to the surface of the film. These excellent 
properties allowed the growth of pulsed laser deposited YBCO films with critical 
current densities up to 3.6 MA/cm² in self-field at 77K. Additionally, the epitaxial 
texture transfer and the chemical inertness of the SrTiO3 template was further 
confirmed by transmission electron microscopy. 
In order to verify whether the SrTiO3 single buffer system is capable of competing 
with the currently used architectures, the deposition of STO on commercially 
available Ni-5%W substrates was studied in Chapter 6. Although the heat 
treatments applied in Chapters 4 and 5 did not lead to any microstructural changes 
on bare Ni-5%W substrates, the formation of SrWO4 was observed upon growing 
STO on these substrates. Accordingly, a suitable processing window was developed 
by combining theoretical stability diagrams with experimental data. By varying the 
dew point of the humid Ar/5% H2 atmospheres, the oxygen partial pressure could 
be varied, revealing a maximum oxygen content of 10-14 atm in order to suppress 
the formation of SrWO4.  On the other hand, when using dry processing conditions, 
an oxygen partial pressure of 10-17 atm was obtained, leading to poorly crystallized 
films. An intermediate oxygen level of 10-15 atm appeared to be optimal for the 
growth of (00l)-oriented SrTiO3 films while preserving the microstructural 
properties of the Ni-5%W substrate. However, due to the relatively large lattice 
mismatch, the epitaxial growth of STO films is accompanied by a strain-relieving 
mechanism which leads to an island-like growth rather than homogeneous film 
formation. Through the introduction of SrTiO3 seed layers, an improvement of both 
cube texturing and substrate coverage was obtained, but additional research is 
required to obtain strontium titanate films suitable for implementation in coated 
conductor architectures. 
Unfortunately, we can conclude that our efforts in the quest for alternative buffer 
materials for coated conductors were only partially successful. Referring back to 
the goal of this project, we were able to develop a sustainable aqueous 
deposition process for both the YBiO3 and SrTiO3 systems. However, the 
possibility of using YBiO3 as a texture transferring cap layer was quickly ruled out 
by a lack of chemical inertness similar to the currently used ceria-based 
architectures. Even if the interfacial reactivity can be minimized by strict 
optimization of the microstructure and YBCO growth process, no clear advantage 
is obtained over the well-established CeO2 cap buffer layer.  
The aqueous chemical solution deposition and growth template properties of 
SrTiO3 appeared to be more successful with outstanding critical current densities 
up to 3.6 MA/cm² for the YBCOPLD/STOCSD/LAO architecture. Although the 
deposition of STO on technical Ni-5%W substrates did not reach the required 
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level, large steps forward were made towards understanding the factors 
controlling the growth of SrTiO3 films on these substrates.  
In order to overcome the current problems, additional research will be necessary 
to optimize the heat treatment procedures for both the seed layers and the 
subsequent STO coatings. In my opinion, the main problem for obtaining highly 
textured STO films on Ni-5%W is the limited size of the processing window, as the 
best results for our system are obtained close to the edge of the processing 
window, i.e. high temperatures and relatively high pO2. This can additionally lead 
to problems regarding reproducibility, as observed throughout Chapter 6. 
According to literature, the introduction of (barium-substituted) calcium titanate 
(CTO) as a seed layer would lead to superior properties for the final STO coatings 
compared to the self-seeded approach. The lattice mismatch of these materials 
with Ni-5%W is smaller, allowing the deposition of thicker seed layers which 
obviously minimizes the problems in terms of STO surface coverage. Nevertheless, 
the surface roughness and the necessity of depositing multiple thinner films of CTO 
and STO remains a bottle-neck for the titanate-based buffers and currently tips the 
balance in favor of the well-established LZO/CeO2  buffer architectures. 
  
2. Samenvatting 
Het geleiden van elektriciteit zonder weerstand en het uitstoten van een extern 
magnetisch veld zijn eigenschappen van supergeleiders die deze materialen een 
grote toekomst bezorgen op de energiemarkt. Deze materialen worden nu reeds 
met mondjesmaat geïntegreerd in onze maatschappij, al blijven enkele praktische 
moeilijkheden een volledige commerciële doorbraak in de energiesector 
belemmeren. Het interessantste materiaal met het oog op praktische applicaties is 
het keramisch materiaal YBa2Cu3O7-δ (YBCO). Het beschikt over een kritische 
temperatuur van 92 K, waardoor het kan gekoeld worden met het gemakkelijk te 
verkrijgen vloeibare stikstof. De intrinsieke brosheid van keramische materialen 
en hun gebrek aan flexibiliteit verhinderen echter de rechtstreekse productie van 
supergeleidende draden, die vereist zijn voor bv. hoogspanningskabels of 
spoelwindingen. Daarenboven zorgt het anisotrope karakter van de YBCO 
eenheidscel voor  zwakke supergeleidende eigenschappen in zijn polykristallijne 
bulkvorm. Om de volledige stroomcapaciteit van de supergeleider te benutten, 
moeten de kopervlakken van het kristal namelijk biaxiaal gealigneerd zijn. Deze 
vereisten hebben geleid tot het zogenaamde coated conductor design, een 
opeenstapeling van verschillende coatings waarin de supergeleider wordt afgezet 
op een flexibele drager die over de noodzakelijke kristallografische textuur 
beschikt. De flexibiliteit van het design wordt bekomen door gebruik te maken van 
een metallisch substraat, hetwelke op zich over de vereiste textuur beschikt maar 
ook polykristallijn kan zijn. Meestal worden hiervoor nikkel-gebaseerde legeringen 
gebruikt, waardoor nog additionele bufferlagen vereist zijn tussen het substraat en 
de supergeleidende film. De oplosbaarheid van nikkel in YBCO zorgt namelijk voor 
een ongewenste reductie van de kritische temperatuur. Wanneer een 
polykristallijn substraat wordt gebruikt, dienen de bufferlagen de vereiste textuur 
te genereren tijdens hun depositieproces, wat niet vereist is bij het gebruik van een 
getextureerd substraat. In dit geval dienen de bufferlagen de kristallografische 
oriëntatie van het substraat over te nemen via epitaxiale groei en deze te 
transfereren naar de supergeleider. 
Initieel konden de strikte voorwaarden voor het genereren van een hoge stroom-
densiteit enkel verkregen worden via vacuümdepositie-methodieken. De hoge 
investerings- en werkingskosten van deze apparatuur zorgden echter voor een te 
lage kosteneffectiviteit van de supergeleidende kabels om als waardige concurrent 
voor conventionele koperkabels beschouwd te kunnen worden. Om de kostprijs 
van het productieproces te drukken, werden natte chemische depositie-
methodieken (CSD) uitgebreid bestudeerd gedurende de laatste twee decennia. 
Hierdoor is de kwaliteit van zowel de buffer als de supergeleidende lagen 
verkregen via CSD sterk verbeterd, waardoor de industrie dermate geëvolueerd is 
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dat de distributie van supergeleidende kabels mogelijk wordt tegen een 
aanvaardbare prijs. 
Desalniettemin is een verlaging van de kostprijs vereist vooraleer coated 
conductors op grote schaal kunnen geïntroduceerd worden op de energiemarkt. In 
dit doctoraatswerk werd op deze vraag ingespeeld door onderzoek te verrichten 
naar het vereenvoudigen en robuuster maken van de bufferarchitectuur. De 
huidige oplossing-gebaseerde state-of-the-art coated conductors maken gebruik 
van een dubbel bufferlagensysteem bestaande uit La2Zr2O7 (LZO) en CeO2. De 
grootste tekortkomingen van deze architectuur liggen in de residuele nano-
porositeit in de LZO film en de reactiviteit van ceriumoxide met YBCO welke leidt 
tot de vorming van een ongewenste nevenfase aan de CeO2/YBCO grenslaag. 
Daarenboven bevordert nano-porositeit de diffusie van zuurstof en/of nikkel, wat 
kan leiden tot een delaminatie van de dunne film architectuur of de vergiftiging 
van de supergeleider door incorporatie van nikkel in de YBCO eenheidscel. Het 
doel van dit doctoraat is tweeledig: Ten eerste worden alternatieve 
buffermaterialen zoals YBiO3 en SrTiO3 bestudeerd, gezien hun potentieel om de 
bestaande dubbellaagstructuur te vervangen.   Bovendien wordt voor de depositie 
van deze materialen uitgegaan van een innovatieve en duurzame 
depositiemethodiek. Hiervoor werden milieuvriendelijke water-gebaseerde 
precursoren ontwikkeld die vervolgens werden afgezet met schaalbare 
technieken zoals dipcoating en inkjet printen. De vereenvoudiging van de 
bufferstructuur gecombineerd met het duurzame en relatief goedkope karakter 
van de ontwikkelde depositiemethode kan potentieel de productie van coated 
conductors aan concurrentiële prijzen toelaten.  
Het gebruik van water-gebaseerde depositiemethodes brengt echter wel enkele 
moeilijkheden met zich mee. De hydrolysegevoeligheid van metalen kan aanleiding 
geven tot onstabiele precursoroplossingen en bovendien kunnen de vloeistof-
eigenschappen zoals een hoge oppervlaktespanning en een lage viscositeit 
problemen genereren op vlak van de bekomen bevochtiging van het substraat. Het 
spreekt voor zich dat zowel de stabiliteit en het bevochtigingsgedrag van de 
precursoren uitgebreid bestudeerd werden in dit werk. Om metaalprecipitatie en 
hydrolyse te vermijden werd coördinatiechemie gebruikt in combinatie met goed 
wateroplosbare metaalzouten, waardoor een hoge concentratie aan metaalionen 
bekomen kan worden.  
De depositie van de YBiO3 buffersystemen uitgaande van een waterige oplossing 
van bismutcitraat, yttriumacetaat en triethanolamine werd beschreven in 
Hoofdstuk 3. In de tot op heden gerapporteerde onderzoeken, werd de depositie 
van dit materiaal enkel beschreven in zuurstofrijke atmosferen, dewelke intrinsiek 
niet compatibel zijn met de gebruikte metallische substraten in het coated 
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conductor design. Daarom werd de conversie van de precursoroplossing tot 
kristallijn YBiO3 bestudeerd in verschillende atmosferen die verschillende gehaltes 
aan zuurstof bevatten. Uitgaande van deze experimenten werd een geschikt 
procesgebied voor de epitaxiale groei van YBiO3 dunne films afgeleid. Aangezien 
een te lage zuurstofpartieeldruk leidt tot de reductie van bismutoxide tot 
elementair bismut, werd kristallijn YBiO3 enkel bekomen wanneer een lucht- of 
argonatmosfeer werden gebruikt. Dit impliceert dat YBiO3 niet rechtstreeks kan 
worden afgezet op een Ni-5%W substraat, maar het wel beschouwd kan worden 
als een vervanger voor ceriumoxide als textuur-transfererende coating. YBiO3 
dunne films werden als proof of concept afgezet via dipcoating op éénkristal LaAlO3 
substraten. De introductie van waterdamp en de beperking van de temperatuur 
tijdens het kristallisatieproces bleken essentieel te zijn voor het bekomen van 
zuivere en georiënteerde YBiO3 coatings. Door de lage groeitemperaturen werd 
bepaald dat een maximale dikte van 40 tot 50 nm een kristallografische texturatie 
teweegbrengt aan het oppervlak van de films. Deze dunne films vertoonden 
uitstekende eigenschapen met een misoriëntatie kleiner dan 0.7° en een 
oppervlakteruwheid lager dan 2 nm.  
In een tweede deel van dit hoofdstuk werden de textuur-transfererende 
eigenschappen van het YBiO3 templaat bestudeerd door depositie van YBCO met 
zowel vacuüm- als fluor-gebaseerde chemische depositiemethodes. Voor beide 
methodes werden YBCO lagen met goede supergeleidende eigenschappen 
bekomen met een kritische stroomdensiteit van respectievelijk 3.6 en 1.2 MA/cm². 
Via een uitgebreide elektronenmicroscopie-studie werd echter vastgesteld dat de 
YBiO3 bufferlaag instabiliteit vertoont tijdens het YBCO depositieproces. In het 
geval van vacuümdepositie ondergaat YBiO3 een decompositieproces tot zijn 
mono-metallische oxides waarna het Bi2O3 uit de structuur sublimeert. Door deze 
reactie wordt een getextureerde maar inhomogene yttriumoxide laag bekomen 
waarop YBCO verder groeit. Voor de fluor-gebaseerde YBCO depositie wordt de 
reactie van de bufferlaag met barium waargenomen wat aanleiding geeft tot de 
vorming van YBa2BiO6, wat op zijn beurt de groei van YBCO verstoort. Wanneer 
hogere groeitemperaturen worden gebruikt voor de YBCO depositie blijkt deze 
nevenfase een decompositie te ondergaan waarop het bismutoxide opnieuw 
sublimeert en YBCO rechtstreeks groeit op het onderliggende substraat. Alhoewel 
dit goede supergeleidende eigenschappen genereert, is het overduidelijk dat YBiO3 
niet kan beschouwd worden als valabel alternatief voor CeO2 in de huidige 
gebruikte buffersystemen. 
In het vierde hoofdstuk werd de complexe chemie van strontiumtitanaat buffer 
systemen verkend. Algemeen wordt de waterige oplossingsdepositie van titanaten 
sterk belemmerd door de hydrolysegevoeligheid van het titanium-ion. Via de 
metaal-chelaatroute konden echter verschillende water-gebaseerde precursor-
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oplossingen bekomen worden met iminodiazijnzuur, triethanolamine of 
ethyleendiaminetetra-azijnzuur als complexans. Voor de conventionele organische 
oplossingschemie is de invloed van complexerende reagentia op de eigenschappen 
van de finale dunne film reeds beschreven. Een gelijkaardig gedrag werd bekomen 
voor onze waterige precursoren. De compositie van de precursoren was namelijk 
bepalend voor de morfologie van de STO dunne films, bekomen na kristallisatie in 
een waterdamp-bevattende atmosfeer. Dit gedrag kon toegewezen worden aan de 
vorm waarin strontium-ionen aanwezig waren in de precursoroplossingen, 
aangezien precursoren waarin Sr2+ zich vrij in oplossing bevond aanleiding gaven 
tot een fasesegregatie van SrO micro-kristallen. Fasezuivere STO dunne films 
werden enkel bekomen in vochtige condities wanneer de strontium-ionen 
gestabiliseerd werden met behulp van EDTA. De additie van waterdamp aan de 
reducerende procesatmosfeer was vereist voor het elimineren van residueel 
koolstof. De aanwezigheid van koolstof op hoge temperatuur voorkomt namelijk 
de kristallisatie van STO dunne films onder droge procescondities. Bovendien 
zorgde de additie van waterdamp voor een sterke epitaxiale groei gecombineerd 
met een (00l)-geterrasseerde topografie. 
De SrTiO3 precursoren waaruit fasezuivere en sterk georiënteerde dunne films 
bekomen konden worden, werden in Hoofdstuk 5 geanalyseerd op vlak van 
printbaarheid. Voor deze karakterisatie werd gebruik gemaakt van een drop-on-
demand piëzo-elektrisch inkjetsysteem met een 30 µm nozzle-opening. Om een 
inkt als ‘printbaar’ te bestempelen moet zowel zijn druppelvorming als zijn 
bevochtigingsgedrag op het vereiste substraat bestudeerd worden. Slechts één STO 
precursor vertoonde vloeistofeigenschappen die voldoende stabiel waren in 
functie van de tijd, waardoor deze naar voor werd geschoven als geschikte 
kandidaat voor inkjet-depositie. De modificatie van deze inkt met ethanol was 
echter vereist om een reproduceerbaar en stabiel ejectie-gedrag te bekomen. 
Ondanks het feit dat in literatuur grenswaardes van 1 < Oh-1 < 10 worden 
vooropgesteld om de printbaarheid van een oplossing te bepalen, vertoonde onze 
inkt met Oh-1 ≈ 16 een uitstekende druppelvorming wanneer een geschikte 
elektrische puls gebruikt werd voor het actueren van de printkop. De bevochtiging 
van de inkt werd bestudeerd via contacthoekmetingen en optische profilometrie 
na inkjet-depositie. Uitstekende bevochtiging leidend tot contacthoeken lager dan 
25° werd bekomen op zowel éénkristal als technische substraten, waardoor 
besloten kan worden dat de water-gebaseerde STO precursor uitermate geschikt is 
voor inkjet depositie. Als proof of concept werden dunne films geprint op éénkristal 
substraten en gekristalliseerd bij 1100 °C onder een vochtige Ar/5% H2 atmosfeer. 
Uitstekend getextureerde en dense films werden verkregen, die uiterst geschikt 
waren voor de groei van YBCO met kritische stroomdensiteiten tot 3.6 MA/cm² via 
vacuümdepositie. De epitaxiale textuurtransfer en de chemische stabiliteit van de 
STO bufferlaag werden aangetoond met transmissie elektronenmicroscopie. 
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Om na te gaan of SrTiO3 buffersystemen werkelijk in staat zijn om de concurrentie 
aan te gaan met de huidige architecturen, werd de depositie van de waterige STO 
precursoren op commercieel beschikbare Ni-5%W substraten bestudeerd in 
Hoofdstuk 6. De thermische behandeling gebruikt in hoofdstukken 4 en 5 bleek 
echter niet volledig compatibel te zijn met de metallische substraten. Alhoewel 
niet-gecoate substraten geen verandering vertoonden qua micro-structurele 
eigenschappen, werd de vorming van SrWO4 waargenomen als gevolg van de 
reactiviteit van SrTiO3 met wolfraam bij zuurstofgehaltes hoger dan 10-14 atm. 
Door het dauwpunt van de vochtige Ar/5% H2 atmosfeer te verlagen, kon 
ingespeeld worden op de zuurstofpartieeldruk. Hierdoor kon een geschikt 
procesgebied ontwikkeld worden voor de depositie van SrTiO3 dunne films op Ni-
5%W substraten. Zoals reeds aangetoond in hoofdstuk 4 was de additie van 
waterdamp noodzakelijk voor de groei van SrTiO3, wat bevestigd werd door de 
minimaal vereiste partieeldruk op Ni-5%W substraten (10-17 atm). De 
zuurstofpartieeldruk die de meest belovende resultaten genereerde, werd 
bekomen bij een dauwpunt van 5 °C, overeenstemmend met een zuurstofgehalte 
van  ca. 10-15 atm. Onder deze condities werden (00l)-georiënteerde SrTiO3 films 
bekomen terwijl de microstructurele eigenschappen van het substraat behouden 
werden. Door de hoge roostermismatch tussen SrTiO3 en Ni-5%W werd echter de 
opsplitsing van de films tot epitaxiale eilandjes waargenomen die omringd zijn 
door onbedekt substraat. Door de introductie van SrTiO3 kiemlagen werd dit 
probleem grotendeels verholpen en werd bovendien een stijging in (00l)-
georiënteerde fractie bekomen. Aanvullend onderzoek zal echter vereist zijn om 
strontiumtitanaat coatings te bekomen die de vereisten voor implementatie in 
coated conductors volledig vervullen. 
Helaas moeten we hieruit besluiten dat onze queeste naar alternatieve 
buffermaterialen voor supergeleidende coated conductors slechts deels succesvol 
was. Teruggrijpend naar het doel van dit project, hebben we bewezen dat een 
duurzaam water-gebaseerd depositieproces met succes kan gebruikt worden 
voor de groei van YBiO3 en SrTiO3 dunne films. Door het intrinsieke gebrek aan 
chemische stabiliteit van YBiO3 werd het potentieel van dit materiaal echter snel 
gefnuikt aangezien geen voordeel bereikt werd ten opzichte van de gevestigde 
CeO2 bufferlaag. 
De waterige oplossingsdepositie van SrTiO3 bufferlagen bleek meer succesvol te 
worden met kritische stroomdensiteiten tot 3.6 MA/cm² voor een 
YBCOPLD/STOCSD/LAO architectuur. Hoewel de depositie van STO op technische 
Ni-5%W substraten nog niet aan de vereisten kon voldoen, werden wel grote 
stappen gezet in het begrijpen van de factoren die de groei van STO op deze 
substraten beïnvloeden. Om de huidige problemen te omzeilen, zal aanvullend 
onderzoek nodig zijn om de thermische behandelingen van zowel de 
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kiemlagen als de daaropvolgende STO dunne films te optimaliseren. Naar mijn 
mening vormt de beperkte grootte van het procesgebied het grootste probleem 
voor het bekomen van georiënteerde STO lagen op Ni-5%W aangezien de beste 
resultaten in dit werk bekomen zijn dicht bij de stabiliteitsgrens, nl. relatief hoge 
temperaturen en zuurstofgehaltes. Zoals gebleken in het laatste hoofdstuk, kan dit 
echter leiden tot problemen met betrekking tot de reproduceerbaarheid. Volgens 
gerapporteerde onderzoeken kan de introductie van (barium-gesubstitueerd) 
calciumtitanaat (CTO) als kiemlaag voor een sterke verbetering zorgen in de 
eigenschappen van de STO films. De roostermismatch van deze titanaten met Ni-
5%W is kleiner, waardoor dikkere kiemlagen kunnen afgezet worden en de 
problemen op vlak van bedekkingsgraad geminimaliseerd worden. Desalniettemin 
blijven de bekomen oppervlakte ruwheid en de nood aan een multilaagdepositie 
een intrinsieke belemmering van titanaat-gebaseerde buffersystemen, waardoor 
tot op heden de goedgevestigde LZO/CeO2 bufferarchitectuur geprefereerd wordt. 
2. List of vibrational modes in IR and Raman 
Ti-TEA Ti-IDA Ti-EDTA Assignment 
IR Raman IR Raman IR Raman  
Matrix Gel Matrix Sol Matrix Gel Matrix Sol Matrix Gel Matrix Sol  
1650 1650           δ H2O / δ N+HR3 
 1598           Ti4+ - TEA bond 
    1597 1592 1620 1630 1572 1626 1630 1680br υas COO- 
    1520sh 1518sh   1514sh 1518sh   υas COO-/N+HR3 
  1453 1453   1443 1443   1459 1470 δ CH2 and CH3 
    1380 1373 1410 1403w 1384 1340 1400 1390vw υs COO- 
1330 1329   1314 1318 1327 1333 1310 1306 1326 1315 
υ NO3- , δ O-H 
and υ C-CO2- 
1096sh    1145    1164 1162w   υ C-N-C 
 1110 1110 1130  1113    
1110sh 
1085sh 
  υas C-N(-C)-Mn+ 
1076sh 1076sh   1066 1066 1069  1065 1065 1070  υ C-N 
  1046 1046         υ NO3- 
1040 1040   1011 1011   1011 1011   υ C-O 
      945 945      
     922    933   π C-O(-Mn+) 
  914 914 910  914  914  914  υ C-C 












υs C-N and υ O-O 
828 828           δ O-N-O 
  816 816         υ C3O 
  692           
(676w )  (719)  706 726   692 726   ρ CH2 
 682           Ti4+ – TEA bond 
   608  620  614  621  630 υas Ti-O2 
   545    
482 
413 





Ligand skeletal motions 
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Sr-TEA Sr-IDA Sr-EDTA Assignment 
IR Raman IR Raman IR Raman  
Matrix Sol Matrix Sol Matrix Gel Matrix Sol Matrix Gel Matrix Sol  
1636 1636           δ H2O/ δ N+HR3 
    1606 1606 1625 1625 1573 1567 1630 1630 υas COO- 
    1517sh 1518sh   1522sh 1520sh   υas COO-/N+HR3 
  1479 1479          
  1456 1456   1461 1461   1460 1460 δ CH2 and CH3 
    1374 1376 1414 1414 1390 1397 1403 1410 υs COO- 
1338 1340   1310 1309 1328 1328 1316 1323 1322 1332 
υ NO3- , δ O-H 
and υ C-CO2- 
  1260w 1260w     1272sh 1282sh    
1096 1096   1140 1140   1156br 1134vw   υ C-N-C 
         1110   υas C-N(-C)-Mn+ 
1066 1066   1065 1065   1067 1067   υ C-N 
  1046 1046   1046 1046   1046 1046 υ NO3- 
1033 1033   1007 1007   1012 1012   υ C-O 
           922  
         925   π C-O-Mn+ 
916 916 910 910 911 911   912    υ C-C 
    852sh 852sh (868) (868) 860vw 850 (868) (868) υs C-N and υ O-O 
828 828   825 825   826 826   δ O-N-O 






         
             
    712 714 (720) (720) 694 714 (715) (715) ρ CH2 
           417w 
υ M-N 
Ligand skeletal motions 
 
2. Experimental methodology 
B.1 Precursor characteristics 
B.1.1 Infrared and Raman Spectroscopy 
In this research, infrared and Raman spectroscopy are used to determine the 
presence of certain metal-chelates in the aqueous precursor solutions.  As different 
organic compounds are used for the preparation of these precursor solutions, 
different bonds are present within the molecules itself, or different bonds are 
formed with the available metal ions. As shown in Chapter 4 and Appendix A, the 
organic and chelating bonds exhibit certain characteristic vibrational modes, 
which absorb (IR) or scatter (Raman) infrared waves with a characteristic energy. 
Characterization of the aqueous precursors was performed by both ATR-FTIR 
(Perkin Elmer Spectrum 100) and dispersive Raman spectroscopy (RamanRxn, 
Kaiser Optical Systems Inc, 532 nm). For the ATR-FTIR measurements, gels of both 
the metal containing solutions and their blanks were measured in open air. In case 
of the Sr-TEA and TEA-IDA precursors, solutions were measured as the gels were 
instable. For Raman spectroscopy, the precursor solutions were measured as-
synthesized, since the Raman signal showed high fluorescence in the gel phase, due 
to the strong orange-brown color of the gels. 
Prior to the measurements, the pH of the monometallic precursors was adjusted to 
the pH of the final bimetallic precursors used for coating deposition. As most of the 
precursor solutions exhibited an as-synthesized pH higher than 7, additional HNO3 
was added, similar to the procedure used for the bimetallic solutions (pH 5 or 7). 
This was also performed for the metal-free blanks. In detail, the Ti-TEA, Sr-IDA and 
Sr-EDTA precursors were measured at both pH 5 and pH 7, while the Ti-IDA and 
Ti-EDTA were measured at pH 4 (as-synthesized pH). The pH of Ti-IDA and Ti-
EDTA was kept at 4 to prevent the addition of organic alkali agent (ethanolamine). 
The Sr-TEA precursor was only measured at pH 7, as the solution showed 
precipitation at pH 5. In this way, pH differences were limited, allowing a 
comparison between the different precursors. 
B.1.2 Thermal analysis 
The precursor solution’s decomposition behavior as a function of temperature can 
be analyzed by a combination of thermo-gravimetric analysis (TGA) and 
differential thermal analysis (DTA). In TGA, the weight change is plotted as a 
function of temperature, whereas in DTA a temperature difference between a 
reference material (alumina) and the sample is plotted. Through the combination 
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of TGA and DTA, the weight losses occurring in the sample during heating can be 
attributed to either a exo- or endothermic process.  
In this research, TGA-DTA is used for studying the decomposition behavior of both 
YBiO3 and SrTiO3 precursor solutions in various atmospheres. All measurements 
were performed on a Netzsch STA 449 F3 Jupiter with a heating rate of 10 °C/min 
and a gas flow of 120 mL/min. 
B.1.3 Fluid characteristics 
As shown in chapter 5, fluid characteristics such as viscosity, density and surface 
tension greatly determine the printability and wettability of a precursor solution. 
In this work, the viscosity was generally measured on a Brookfield DV-E 
viscometer. For determining the viscosity as a function of shear rate, a HAAKE 
RheoStress RS600 was used. With this rheometer, a small amount of fluid is placed 
between a fixed plate and a moving plate at a certain distance from each other. The 
speed of the moving plate is pre-set which causes a shear rate in the sample at a 
certain distance. The viscosity can be determined by measuring the torque 
required for achieving and maintaining the desired shear rate (speed). In our 
measurements, four different plate distances were chosen: 200, 150, 100 and 
50 µm which lead to shear rates of 13650, 15500, 28400 and 45300 s-1. 
The density of the solutions was obtained by measuring the weight of 1 mL of 
precursor on an analytical balance or by a 10 mL glass pycnometer (Duran) for 
three to five times. 
The pendant drop method was used to determine the surface tension of the 
aqueous precursor solutions presented in this work. With this method, a drop is 
generated from a syringe needle with a known diameter. For a proper 
determination of the surface tension, the generated drop needs to be as large as 
possible. When the drop is hanging from the syringe needle, it will possess a 
characteristic shape and size depending on its surface tension and the gravitational 
force. All surface tensions were measured with a Krüss Drop Shape Analyzer 30. 
The drop shape is extracted by a high resolution camera and subsequently fitted to 
the Young-Laplace model by considering the surface tension as an adjustable 
parameter. Every performed measurement consists of 30 to 60 measurements as a 
function of time (30-60 s). The average value obtained from these multiple 
measurements results in a surface tension value with a typical standard deviation 
smaller than 1 mN/m. All the values displayed for the surface tension in chapter 5 
are an averaged value of at least three measurements series. 
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B.1.4 Drop-substrate interaction 
The wetting behavior of the precursor solutions on the used substrates was 
determined by sessile drop measurements. Similar as for the pendant drop 
measurement, a drop is generated from a syringe needle and subsequently 
deposited onto the substrate. All contact angle measurements in this work were 
performed with a Krüss Drop Shape Analyzer 30. Again, the drop shape is 
extracted by a camera and subsequently plotted to either a circular, tangential or 
Young-Laplace model. For this work specifically, 1 µL drops were deposited on the 
substrate and the fitting mode varied between the three modes described above in 
order to minimize the error. Similar as for the determination of surface tension, 
every contact angle measurement consisted of 30 to 60 measurements as a 
function of time which led to an average contact angle with a typical standard 
deviation smaller than 1°. All the values displayed in this dissertation are an 
averaged value of at least 10 measurement series performed with different batches 
of substrates and solutions. It should be noted that the averaged standard 
deviation is rather high, which can be attributed to local surface defects of the 
substrates (i.e. grain boundaries in Ni-5%W or twinning planes in LaAlO3) or to 
slight differences between the different batches used throughout the work. 
B.1.5 Jettability 
In order to verify the printability of a certain precursor ink, the droplet formation 
process was visualized. Drop visualization allows a direct optimization of the 
jetting behavior of an ink by varying the waveform applied to the piezo-electric 
print-head. The jetting analysis was performed using a digital camera (Allied 
Vision Technologies, Stingray F-125B) equipped with a telecentric zoom lens (ML-
Z07545, Moritex) and strobed collimated LED illumination. The LED is mounted 
behind the nozzle and is illuminated for 1 µs at an adjustable delay time after 
actuating the print-head. For each ink and set of printing parameters, a series of 
images was recorded to assess the drop formation process, typically with a delay 
time interval of 5 µs. Custom-written software (Dr. Simon Hopkins, University of 
Cambridge) was used to control the image acquisition and to quantitatively 
analyze each image series in terms of drop volume and velocity.  
After waveform optimization, ideally a single droplet is formed which is then 
deposited on the substrate. As an addition to the contact angle measurements 
described in section B.1.4, the drop-substrate interaction of the printed droplets 
can be visualized by optical profilometry. This technique uses white light 
interferometry and correlates the obtained contrast to surface height. The shape 
and the size of the deposited droplets in this work were measured with a Veeco 
NT9080 instrument directly (±5 min) after deposition. 
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B.2 Thin film characteristics 
B.2.1 X-Ray Diffraction (XRD) 
Characterization of the texture and the phase composition of the ceramic films 
after heat treatment was performed by XRD. General XRD analysis to scan the 
preferential orientation of the films was performed with the θ-2θ setup, whereas 
the out-of-plane and in-plane misorientation were respectively measured by 
rocking curves and pole figure analysis. All X-ray diffraction measurements were 
performed with Cu Kα radiation (λ = 0.15418 nm) on a Siemens D5000 in the case 
of single crystal substrates or a Thermo Scientific ARL X’tra diffractometer in the 
case of metallic substrates. Pole figure analysis and rocking curves were measured 
on a Bruker D8 diffractometer. 
B.2.2 Reflection High Energy Electron Diffraction (RHEED) 
Although XRD analysis provides information about the preferential orientation of 
the thin films, it gives an averaged value of the texture throughout the total 
thickness of the film. To obtain information about the surface texture (i.e. ± 3-5 
nm) of the deposited films, reflection high energy electron diffraction was used. 
The measurements were performed at IFW Dresden with a Staib Instruments 
RHEED system which irradiates the substrate with a 30 keV electron beam at an 
incident angle of 1–2°. The obtained diffraction pattern allows the determination 
of the surface texture component of the ceramic thin films. 
B.2.3 Focussed Ion Beam – Scanning Electron Microscopy (FIB-SEM) 
Structural characterization in terms of surface morphology, layer thickness and 
porosity was performed by FIB-SEM. For cross sectional imaging, the area of 
interest was first covered with a 15 µm x 1.7 µm x 0.3 µm brick of electron-beam 
deposited Pt (2.0 kV, 0.84 nA) and a 15 µm x 2 µm x 0.3 µm brick of ion-beam 
deposited Pt (30.0 kV, 100 pA). After platinum deposition, a 13 µm x 4 µm x 2 µm 
regular cross section was performed at 30.0 kV and 3.0 nA. Subsequently, the 
cross-section was cleaned using a 0.3nA (30 kV) current in order to obtain high 
resolution images via SEM. In this work, (FIB-)SEM work was performed using a 
FEI Nova 600 Nanolab DualBeam or a JEOL JSM-7600F microscope. 
B.2.4 Atomic Force Microscopy (AFM) 
Roughness analysis of the thin films was carried out by atomic force microscopy 
(Molecular Imaging PicoPlus) operating in tapping mode with Budgetsensors Tap 
300 tips and post processed with WSxM software [1]. This post-processing 
generally consists of a flattening step, which compensates for a tilt or parabolic 
profile of the substrate with respect to the holder, and an equalizing step which 
cuts out the edges of the height distribution chart.  
Appendix B: Experimental methodology 133 
 
B.2.5 TEM 
Transmission Electron Microscopy was used in order to characterize the obtained 
superconducting architecture in terms of crystallographic structure, interfacial 
composition and epitaxial texture transfer. As TEM uses accelerating voltages of 
80-300 kV, the electrons exhibit a very small wavelength, which in turn leads to an 
atomic resolution. This makes TEM a very powerful technique for obtaining 
insights in defect nature, crystal structure and crystal orientation as well as 
chemical analysis. However, as the image formation is based on the transmission 
and interactions of electrons with matter, an extremely thin lamella (<100 nm) of 
material is required. 
Table B.1: Experimental conditions used for the preparation of TEM specimens with a 
FEI Nova 600 Nanolab Dualbeam 
Step Ion current (nA) Milling type Tilt Angle 
e-beam Pt 2.0 kV, 0.84 nA Rectangle,  
Z= 0.3-0.5 µm 
52° 
i-beam Pt 100 pA Rectangle,  
Z= 1 µm 
52° 
Cutting 5 nA Regular cross 
section 
52° ± 2 
Rough cleaning 1 nA Rectangle 52° ± 2 
    
Bottom cutting 1 nA Rectangle,  
width = 1.5 µm 
0° 
Welding to needle 
and lift-out 
100 pA (Pt dep) 
 
1 nA (releasing 
lamella from bulk) 
 
Rectangle,  
Z = 1 µm 
Rectangle, 
Z= 1-2 µm 
0° 








Z= 1 µm 
Rectangle, 
Z= 1 µm 
0° 





52° ± 2-3 
Cleaning 70 - 29 pA  
(Eion = 5.0 kV) 
Rectangle 52° ± 3-5 
Sample preparation 
Throughout this work, TEM sample preparation was performed via the FIB in situ 
lift-out procedure with an Omniprobe extraction needle and top cleaning. The 
different steps used here for the preparation of a TEM lamella are shown in Table 
B.1.  
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First, the area of interest is covered with a double brick of electron-beam and ion-
beam deposited Pt. Second, a cross-section is made with the ion beam on both 
sides of the brick, leaving a 1 – 1.5 µm thick lamella which is still attached to the 
bulk of the sample. Subsequently, the bottom of the lamella is cut loose from the 
bulk and welded to the Omniprobe needle as shown in Figure B.1. The lamella can 
then be welded to the TEM-grid and the needle is cut loose, leaving the 1 – 1.5 µm 
thick lamella ready for further thinning and cleaning. During the thinning and the 
cleaning, the tilting angle is slightly larger (bottom side) or smaller (top side) to 
reduce curtaining effects and wedging of the lamella. During the cleaning step, a 
lower ion beam accelerating voltage is used, as this minimizes ion beam damage 
and amorphization of the sample. After the total procedure, an electron 
transparent, sub-100 nm thick, lamella is obtained (Figure B.1c). 
 
Figure B.1: (a) Top-view of 1 µm thick lamella after cutting and rough cleaning by FIB; 
(b) Omniprobe needle welded to lamella for lift-out; (c) Electron-transparent lamella 
after cleaning. 
TEM analysis 
Multiple TEM-modes are used throughout this work such as conventional bright 
field TEM, selected area electron diffraction (SAED), high resolution TEM, bright 
field scanning transmission electron microscopy (BF-STEM) and high angular 
annular dark field STEM (HAADF-STEM). Chemical information was obtained via 
the combination of STEM with energy dispersive X-ray spectroscopy (EDX). All the 
different measurement modes deliver a specific amount of information: With 
conventional BF-TEM a profound insight concerning the defects present in the 
materials can be obtained. Crystallographic information can be obtained by both 
selected area electron diffraction and high resolution TEM, whereas HAADF-
STEM(-EDX) can deliver compositional information. For more information 
concerning the different TEM-modes, the reader is kindly referred to more 
dedicated microscopy literature [2, 3]. 
The TEM work presented in this thesis is performed on two different TEM 
instruments. The TEM analysis of the YBCOPLD/YBO/LAO and the YBCO/STO/LAO 
architectures was performed in-house with a JEOL 2200 FS, whereas the analysis 
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of the YBCOTFA/YBO/LAO architecture was performed by Drs. Alexander Meledin 
at the University of Antwerp (EMAT) with a FEI Titan microscope. The JEOL 2200 
FS microscope operates at 200 kV and is equipped with a post-sample spherical 
aberration correction. The Titan microscope was operated at 120 kV and is 
equipped with a probe spherical aberration corrector, allowing an extremely high 
resolution in STEM-mode. 
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